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I. Introduction

This dissertation explores the possibility that elec-

tromagnetic radigtion may interact with blological material
without the production of a significant amount of heating.
A simple physical system is used to show that various non-
thermal interactions are possible. These interactions are
studied to see whether, or under what conditions, they may
occur in the case of irradiation of blological material.

Numerous claims exist in the literature fof non~ther-
mal interactions beitween electric and magnetic fields and
biological organisms: Garlic root tips have exhibited muta-
tions when grown in a high-frequency fieldl; micro—orgénisms
have swum in preferred directions associated with the field
directiona; shails and planaria have shown the ability to
sense the presence and polarity of very weak electric and
magnetic fieldsB’u; several people have heard sounds which

correspond to the ffequency of modulation of an incldent

o

1Heller, J.H. and Teixeira-Pinto, A.A.: A now physical meth-
od §o§ creating chromosomal aberration. Nature, 183, 905,
(1959).

2reixeira~Pinto, A.A., Nejelski, L.L.Jr., Cutler, J.L., and
Heller, J.H.: The behaviour of unicellular organisms in an
electromagnetic field. Exp. Cell Res., 20, 548, (1960).

3Brown, F.A.Jr.: Response to pervasive geophysical factors
and the biological clock problem. Symposia Quant, Biol., 25,
57, (1960).

uBrown, F.AJr.: Extrinsic rhythmicality; a reference frame
for biological rhythms under so-called constant conditlons.
Ann. N.Y. Acad, Sei., 98, 775, (1962). ‘

cle
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microwave beamsg some fish are able to navigate by detecting
dlstortions in their self-generated electric fieldasg visual
stimull have resulted in humans from fields too weak to de-
polarize visual neurons in the usually understood way7; and
changes have been reported in the paper electrophoretic pat-
tern of human gamma globulin after isothermal irradiation by
microwavesa. |

Although the quality of these reports is not uniformlj
good, there is no doubt that a blologlcally significant in-
teraction with electromagnetic fields is possible for which
tissue heating is not the cause, There i1s no presently un-
derstood physical basis that can explain these diverse non-
thermal effects,

~ One class of possible non-thermal effects may be the

result of mechanical forces on polarizable particles due to

impressed AC flelds, These forces have their origin in clas-'

'sical considerations of the energy in a field, but their con-

sequences are often unexpected. To resolve ,the question of

whether these field-induced mecnhanical forces have blological

' 5Frey, A.H.: Human auditory system response to modulated el-

ectromagnetic energy. J. Appl. Physiol., 17, 689, (1962).

6 1iseman, H.W.: Electric location by fishes. Sci. Amer., 208,
No. 3, 50, (1963).

7Knoll, M. et al.: Reproduzierbarkeit von electrlsch ange-
regten Lichterscheinungen (Phosphenen) bei zwel Versuchs-
personen innerhaldb von sechs Monaten., Elektromedizin, 7,

No. &4, 235, (1962).

8Bach, S. et al.: Effects of radio-freguency energy on human

gemma globulin, in vol, I of Biological Effects of Mlerowave
Rediation., Plenum Press, New York, 1961,
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consequences, this dissertation qualitatively and quantita-
tively expiorcs the var@ed effects of such forces, At leaqt
four distinct effects are shown to be possidble, each of whioh
is discussed in a separate section. Eoth experiment and
theory‘are brought to the lssue; their sucoessrui comparison -
is shown to extrépolate to the conclus;on that, for impressed
fields which do not unduly heat the tissue, these forces may |
have blological manifestations on the cellular scale but are
ineffectual for sizes smaller than those microscopically
viaiﬁle.

v e b S
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iI, Investigative Program

A study of the mechanical effects of AC fields is great=
ly simplified when these effects can.be'diroctly observed. ‘
Therefore the subject of the experimental effort waé the sim=-
plest physical system which would conveniently exhibit the
desired behaviour. Such a syatem'ié a suspension of micron-
sized particles in a simple liquid. The premise for this
method is that the passive physical behaviour of biological
material in an AC field may be explained in terms of 5its meas=~
urable passive physical properties. AConversely, the behavioﬁr
of comparatively simple particles, such as polystyrene spheres
could be used to study the interaction, with full confidence
that the relations so found would have general validity.

Pour distinct mechanical effects were observed: (1)
Forces in inhomogeneous fields, (2) AC electrophoresis, (3)
orientation of non-spherical particles, and (l) pearl-chain
formation. The ?1?st three may be observed on single parti-
cles in the field, but the fourth is an interaction between

two or more particles'brbught on by their combined exposure

to the field. The various effects are independent of each—

other and may occur simultaneously. Each of them is inves=
tigated separately with both theory and equriment where
possible. Experimentgl measurements of the threshold for
their.occﬁrrence are compared with theoretical predictions .
for these threshold values. Agreement then allows extrapo~
lation of the theory to smaller particles of blological in-

terest.
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The thoéfy for these four effects was available in pfoc-
es, some exact, some approximate, and some roquiring correce
tion or extension. Where necessary and/or pos;ible, the the-
ory was corrected or aponded in order to force a more valid
or direct confrontation between experiment and theory. The
theory for each effect will be discussed in the pertinent

gseotion.

o e it



III. EXPERIMENTAL METHODS

A, Cholce and description of cell and cell l;zo;dor

There were many constraints, often confliocting, on the
cholce of & cell to oontain the particle suspension. But the
consideration of paramount importance was good microscopio
viewability. The ocell thus had to be small enough to fit
on- the stage of the Leitz Dialux microscope; the thickness
of the 1iquid layer had to be small enough so that particle
concentration of a few percent would not interfere with the
proper sub-stage ulumination; the liquid could not have con=-
tact with free air or else evaporation and resultant thermal
convection would disturb the microscopic scene; and the cell
had to penﬁit the use of the 90x objective lens which has an
oll=-immerslion woi'kins distance of 0,12 mm, _

An electric field had to be applied to the suspension,
so=-contained, and the metal body of the objective lens ob-;
viously“had to be kept out of the field. A useful but not.
vital requirement was that the electiric f:.e‘.fd should be homo=
éeneous throughout the 'viewins area., However, the necessity
of generating several hundred volts per centimeter from sub-
audio to the hundreds of megacycles led to the hope that the
electrodes could bg aé closely spaced as pqse:!.ble, a8 geom=-
etry not conducive to homogeneous fields.

Finally, with the knowvledge that polyatyrene' spheres
were in short supply, and that cleaning. them angl silicone
emulsions <from glassware often was difficult, it appeared
desirable to use small ssmple volumes and to eliminate the

P
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need for oleaning il possible.

These considerations eventually led to a successful de-
sign for an expendable ocell which could oaaily'be built from
commercially availabdle components. This design, shown in fig.
1l and 2, uses a proprietary product, Parafilm, in an essential
wayg. Parafilm is a wax-like substance which comes in large
sﬁeets, about 0.lmm thiock. Commonly used to seal the tops of
open glassware, it sticks to glass when moderate pressure is
applied., It is easily cut into shapes, although fine shapes
are difficult to handle because of its stickiness and tendency
to stretch. It softens at temperatures between uo° and’SSoc
and begins to flow at about 55° to 60°C. When Parafilm melts
on glass, it sticks with considerable tenacity. These proper-
ties are used to adyantage in the present application.

This design was chosen after rejection of two designs
described in the literature. One had the sample fluld par;
tially exposed to the air and was awkward to useP; the
other had poor optical conditions for high pagnirication and
had the electrodes too widely spaced];2

9Parafilm is manufactured by Marathon,'a division of the
American Can Co., Menasha, Wisconsin.

loslﬁh, O.: Einige bei der Untersuchung von Kolloiden im
?echgglfeld auftretende Erscheinungen. Kolloid 2., 37, 267,
192 [ .

llHerrick, J.Fe: Pearl chain’rormation. Proceedings of the

Second Tri-Service Conference on Biolo ical Effects ol -

Microwave Energx, 8=10 3uTy 1958.

12Trank, JW.: A statistical study of the effects of electric

fields on the movements of mammalian sperm cells. Proceedings
in

Annual Conference on Electriocal Teg!
and Biology, Minneapolis, M y
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"F;isure 1.- l-.".x-plddedAvieAw of clell. Nc":t t-o" :s.cé;ie; ) (a) Topu T

cover glass, No. O, 100u thick, 18mm square. (b) Anmulus
of Parafilm, (o) Sample fluid introduced with a dropping
pipette, 4 mm’ required, (d) Two parallel platinum wives,
65p dlam, reference grade Pt, (e) Sheet of Parafilm vith a

- Tun diam. hole for sample, l6mm square. () Bottom cover ~

glass, No. O, 100n thick, 18mm square,
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(a) BEdge view (vertical scale expanded 10x)
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ickness of a penny drawn to the
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(b) Top view

18am

Figure 2. . Detalled views of assembled cell. Sample chamber

ia oross-hatched.

VWires are shown undotted in (b) since

thin film of Parafilm is almost transparent, Parafilm an-
auwlus (of. fig. 1,b) is dotted, since it fuses into the .
larger shest of Parafilm during the assembly process.

’
.
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Assembly of the cell requires the use of & jig to hold
the wires streight and acourately parallel, the cell 'boing
constructed around the wires yhile they are so held. The
vhole assembly process, which takes about 20 minutes, must
be repeated using all nevw materials for each new sauzple,

The method of assembly is now desoribed in detall.
~ Approximately 22 om, of wire is, tied into o. loop and
is stretched as shown in fig. 3. |

L —

———
!

——

Leed

Figure 3. Schematic dlagram of jig for assembling cells.
Adjuétable pegs hold wires parallel at a 250n separation.
Drawing to a;otuail slze. The ,'dof.ted‘ square ,phows where the

coll is constructed.

The amall closéd circles are fixed pegs and the open oirgle
1s & freely ‘movable peg which is drawn to the left by a

spring. The spacing between the wires is adjustable by chang-
ing the positions of the fixed pegs. Typically, the clear

~ space between the wires is 250p = 4 wire dlameters, and is

uniforn to within & 4 in the finished cell, Figure 4 shows
the jig with & partially completed cell in place,
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Flgure 4. Jig with partlally completed cell in place,
The sample liquid 1s in its uncovered chamber and the cover
together with the Parafilm annulus (ef. fig. 1 (2) and (b)

1s about to be placed on the assembly.
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The cell-asasenbly procedure is as follows: A wire
loop 1s put into the jig and stretched to a tension of about
75 grams (150 grams of spring tension). The wire loop is
made coplanar by pushing it down the pegs until its full .
length lies on 'ghe plexiglass base plate, into which the
pegs are fixed, . Assembly of the lettered oomponents (ct, |
fig. 1) begins by pressing the sheet of Parafilm (e) onto
the bottom cover glass (f) with a small astainless steel
spatula, This "lower" assembly is pushed under the wires
to ocoupy the dotted square space in fig. 3. In this posi-
tion the wires press lightly on the Parafilm, since the wires
had to be raised to get the "lower" assembly into place. An
"upper" assembly (a + b) 1s now made in exaotlﬁr the same way
and ls stored temporarily. The sample llquid is introduced
onto the lower assembly with a dropping pipette until there
is a slight convexiiy of liquid in the sample chamber. The

“upper assembly is carefully lowered onto the lower, thus

trapping the wires (this operation is pictured in fig. 4).
The sandwich is now heated (method described below) until
the Parafilm melts (about 55°C), which allows the two.pleces
of Parafilm to flow into each other and to adhere very tightly
to the glasses. The result is a sesled unit capable of withe
standing all normal handling. |

A satisfactory method of heating was found with dif-.
fio\;lty. Through & blook of aluminum, about 4 x 3 x 2 om, - :
a 6 mm (dlameter) hole was drilled through the center of the
4 x 3 faces, The blook is heated to 100°C in boiling water,

~
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is removed, and dried quickly with a paper towel. It is then
carefully set on top of the complete cell assembly, the hole
covering (not heating) the sample chamber., Slight additional
pressure for a few seconds is sufficient to "grill the sand-
wich," The final thickmness of the cell, or height of the sam-
ple chamber, is almost completely determined by the thlckness
of the Parafllm layer (e 4n fig. 1), since it softens but does
not extrude. The annulus (b) does extrude slightly into the
sample chamber because of the concentration of pressure at
that point, resulting in a good seal where the wlres enter and
leave the liquid.

Final preparation for use requires only that the tenslion
in the wire loop be released and the wires cut closely on one

side and about 15 mm long on the other,

Figure 5. The finished cell ready for use. The penny 1s
shown for a size comparison., The cell may be used with

either side up.
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Insertion of the cell into the cell holder completes
the preparation for use. The cell holder has several func-
tions: It allows the mleroscope stage manipulator to grip
and move the cell as if 1t were a standard glass slide; 1t
immobilizes the cell in a vertical sense so that oil lmmer-
slon objectives can be used; and it allows elect(zlica.l con-
tact to be made with the platinum wires with no danger of
pulling these wires. The photographe of the cell holder
with and without the cell in place (fig. 6 and 7) are fol-
lowed by a more detalled plan of its construction (fig. 8).

Figure 6. Cell holder without cell. Minlature alligator
clips have been modified by filling in the Jaws with solder
and filing them flat so that they may grip fine wires with
security but without damage,



“1l-

Insertion of the cell into the cell holder completes
the preparation for use., The cell holder has several func-
tions: It allows the mloroscope stage manipulator to grip
and move the cell as if it were a standard glass slide; it
immobilizes the cell in a vertical sense so that oll immer-
slon objectives can be used; and it allows elect(zlical con=-
tact to be made with the platinum wires with no danger of
pulling these wires. The photographs of the cell holder
with and without the cell in place (fig. 6 and 7) are fol-
lowed by a more detalled plan of its construction (fig. 8).

Figure 6. Cell holder without cell. Minlature allligator
clips have been modified by f£illing in the Jaws with solder
and f£iling them flat so that they may grip fine wires with
security but without damage.



-15-

Figure 7. Cell holder with cell in place. Hold-down clips
prevent the cell from sticking to the 90x oil-immersion
objective lens as it is retracted. The geometry was chosen
to optomize the microscopic view and to minimize lead length

and 1nter-1e§d capacitance.
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Figutre 8; Gonstruction details of cell holder. Spring clips
used to hold ‘the cell down are shown in thelr retracted posi-
tion. ©Small allisatof clips modified to srip'fine wires are
soldered to small pedestals vhich are slua4 to plexiglass.
Draving approximately to scale, except for vertical scale of
(a) which is expanded for clarity. | :
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The wires coming from the cell holder must be immobi-
lized, since a pull on these wires would cause the cell
holder to come out of the stage clamp. Thls lmmobllization
has been combined with a cable Jjunction point in the form
of a bracket fixed to the microscope body, as shown in fig, 9,

Figure 9. B8tage of miocroscope with cell, cell holder,
cable junction bracket, and VIVM probe in their working

positions, Detail is lost in the cell's picture because
of the bright sub-stage illumination, Resistor at left
is normally not in the circuit, is used to measure the
current through the cell,
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A VIVM probe utilizes the same bracketrfor mochaniqél
support and for electrical contact as shown. Thus voltage
measurements are made about 8 om. from the cell. The effect
of tpe lead wires on potential measurement will be discussed
in reference to fig. 15. A coaxial input cable may be at-
tached to the coax-to-banana adaptor (General Radio type )
874=Q2) which is a permanent (although removable) part of
the bracket. A double wire input for low frequencies may
be attached by’ﬁsing a banana plug in conjunction with a
second coax-to-banana adaptor of the same type.

The finished cell has good viewability and photdgraphic
potential, good thermal dissapation, fairly homogeneouq fields
(see the next section for a discussion of homogeneity), is

relatively simple to make, and may be discarded after use.

If the contents of the cell undergoes any irreversible,

. detrimental change, however, it must be discarded and a

new one built. Some difficulties of this type may be avolided
by the proper corrective action; this topic'ié discussed in
more detall in section VII. .- |

In summary, a cell and cell holder have been designed
for microscopic observation of the effects of alternating
eleotridal fields on a suspension of micron-sized particles.
The cell satisfies alﬁoat all of the many requirements
placed upon 1t. '
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B, Homogeneity of field

Knowledge of the fleld configuration within the cell
was necessary for tv;o reasonss First, the actual value of the
fleld sf.renst.h oould be determined 'py no other method; and
second, non-thermal effects may result from inhomogeneities
in the field (see section IV).

The measurement was based on the following analysis
of the possible current paths between the aleotrédou

Glasss K ~ 10713 mho/om € ~5

Vater: K ~ 10" mho/em ; . € ~ 80

COnduct.ive current in agueous medium g ;._Q:z g 1000 .

Conductive current In glass. 10-13 ,
Susceptive current in agueous medium o~ 80 o 16

Susceptive current in glass 5
Thus both the conductive and the susceptive parts 'or the
current are virtually completely confined to the aqueous
medium, For this reason it is posslble to plot the fleld
lines with an anglos vwhich ignores the presghce of the glass,
i.e., vwhich assﬁﬁea that current density normal to the glass
is zero everywhere, Of course the ratio of conductive to
susceptive current in the aqueous medium changes with fre-
quency, but the ratio 1s not of interest 1n this study of
homogeneity. o

The analog chosen was Teledeltos paperi3 This paper -

has & thin uniform coating of & conductive material (con-

taining carbon) with a surface resistivity of 4000 Q/square,
~ Potential in this thin sheet was used to represent the po-

Lade by Western Union Telegreph Co., 60 Hudsen Bt., N.¥., N.Y.
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tentlal in any section of the cell taken normally through

the wires. Tho'choice of a two dimensional analog was pos-

sible since any of the oe_ll's pa.ra:neters,” including potential,

1; essentlally constant in a direction parallel to the wires,

the end effects being completely negligible, ~
The Teledeltos experiment is acoomplished with the

circuit shown in fig. 10,

- LSwv. ‘ fG\ Probel
Decade N\ ’
voltage Galvanometer
divider

w

Figure 10, Field plotting with Teledeltos paper. This
conductlve pape¥, shown on the right, has t{vo round eiee-

trodes which represent cross-sectionsof the wire electrodes.

Normally, areas of constant potential, such as cross-sect;ons
of solid conductors, are represented on the paper as 'appro-
 priately shaped areas of sllver palnt. To minimize possible
losses in the ,é:.lver .paint, however, tﬁe round electrodes

used here were copper disks.of the proper size fastened to
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the paper with the sllver paint as glue. Also it was relae-
tively simple to attach wires to the copper. Under the
Teledeltos papor'was ‘placed (in descending order) a sheet

. of carbon papei' face d.ow:i, a sheet of plain white peper,

and glass. The end of the probe was polished to a emooth
but fine point. VWhen, by lightly moving the probe tip across
the Teledeltoﬁ paper, & null was found on the galvanometer,

a mark was registered on the white paper by pressing slightly
with the probe tip. This procedure was repeated several-
timea for each of nine equi-spaced 'settinss on the decade
voltage divider. Finally, the circular electrode outlines
and the straight paper borders were traced onto the white
peper, using the disconnected probe tip pressing through the
carbon paper. In this manner & complete pictorial record of
the potential dlstribution was obtained., Each record shows
the equipotentials in intervals of 0.1 V, where V is the
voltasé applied between the electrodes. In all cases, the
electrodes were placed far enough from the ‘ende of the paper
to minimize end effects. These long ends are not shown on
the records in fig. 12, The procedure vas repeated for sev-
: era;l different electrode spaoings and cell thicknesses, since
these quantities may vary somewhat in practice. Flgure 11
1llustrates the cases treated and fig. 12 shows tpe actual
field plots for these cases. ’
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. Figure 11. Variations of electrode spacings and ocell thick-
nesses waich encompass the ranges of variability encountered
1i1 practice, The field configuration was measured for each
~ of these cases (soo'ﬁs. 12), The 0911 thiokness is constant
for each vertiocal group of three ocases, Note that cases ).
and 11 are identiocal, ' ' |
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Figure l2a. nolﬁ plots of the oelll w:.th'var.tea. electrode
spacings and cell thicknesses (see fig. 11). Rectangle de-
fines area viewed when taking measurements. Scales lmm = 2p
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Case 5
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Figure 12b, Field plots of the cell with varied electrode
spacings and cell thicknesses (see fig. 11). Rectangle de-
fines ares viewed when teking measurements, Soale: lmm = 2

.



Case 3 | Case 6
Figure 120, Field plots of the cell with varied electrode
 gpacings and cell thicknesses (see fig, 11). Rectangle de-

fines area viewed when taking measurements. Soale: lmm = 2p
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Case T -
Figure 124, Field plo1‘j.o of the oei‘.]. with varied eleotrode
spacings and cell thicknesses (see ﬁ.g..n). Rectangle de-
fines ares viewed vhen taking measurements. Scales lum = 2y
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Figure 12e. Fleld plots of the cell with varied electrode
spaoings and cell thicknesses (see fig.ll1). Rectangle de-
fines srea vievwed when taking measurements, Scale: lmm = 23

!
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Figure 127, Fleld plots of the cell with varied elcctrode

gpacings and cell thicknesses (see f£ig.1l). Rectangle de-
fines ares viewed vhen taking measurements. Scales lunm = 2p

s
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" Case 11 =
Case I, q.V.

Flgure 12g. ﬁold plots of the cell
vith varied electrode spé.oines and
cell thiocknesses (see fig.ll),
Raotanslo defines area vieved vhen
taking numontl. Soale: lmm = 2p o
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To relate these studies of homogeneity to the measure-
ments taken in this cell, it was convenient to define a "field ,
parauneter” P vhich would relate the magnitude of the actual
field strength in the area of observation to the magnitude

of the appa.rent" ﬁ.eld strength, By "a.ppa.rent" field

strength is meant the (r.m. 8.) voltase. V, between the elec-
trodes divided by the distance, 4, between their imner bor-

" ders, the distance being measured in a direction parallel to

the glass., The fleld parameter was defined so that

=F¥ ' (1)

Of course F 1s a function of position in any specific cell.
However, since it would have been too diffioult to record

the position of each observation, the alternative orfmeasur-

Ang Fpax » Foenter of cell » &nd Fyjy for each case was chosen,

The proper graphical presentation of these F-values wguld, it
was felt, provide.sufficient means for achieving an experi-
mental accuracy commensurate with the'other 'accura.oies (or
inacocuracies) in this work. |

- Caloulation of F from these field patterns is s't;raisht-
forward. Since F = Egotual/Bapparent » 1t 18 necessary only
to measure these quantities from the record. Eggtyay 18 given
by the potential difference (0.1 V) between two adjacent equi- -
potentials divided by their orthogonal separation (in mm),
i1.e. & quantity whose units are V/mm, where V is unspecified.

. Egpparent 18 glven by V/4, as mentioned above, and 8o has the— -

same units, nml,'l‘ is a pure number, free of V. The positions
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of Frox 804 F nin for each case are found by observation but
do not always ocour at corresponding plaou in the, dirrorent
cases, All measurements of F refer to the field within the

areas of obsomtion, i.e., the rectangles in fig. 12, An .
‘ effort was made to determine F as accurately as interpolation
of theae curves would permit., F is presented in fig, 13,

The "F correction" was applied to all measurements
taken in the cell., 1In several cases, no record of thedetaile-
ed geometry of the cell was made, except, of course, for the
wire spacing, 4, which was always recorded (see section IIID
for a discussion of miocroscoplic methods of measuring cell
geometry). All of these data-deficient cases ocour for early
cells whioch used no Parafilm annulus in their construction;
therefore their thickness l1s fairly uniform at about 100n.
For theeo.casoa, F = 0,90 was used.

, It must be stresséd that the caées vwere chosen to, en-
compass.the cell geometries found in practice. Thus cases
8 and 9 were‘ never observed in actual cells, "Also the values
of Fpax 8nd Fpyy 8re not necessarily representative of more
tha.n & very small portion of the viewing area; they are 1n-_
cluded to help the experimenter with the 1nterpretation of
the data,

In a few cases, observatlons were not made in the de-
fined viewing area, but rather near the bottom of the cell,
Special measurements of Fy.i+on of cell WOTe made from fig.

12 for these cases. !‘15. 13 does not show these va.luu. B
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‘and electrode configuration.
represents F as measured in the center of the cell,

¥
1,0 ,
abscissa e ——— T 7y
0.5r- O=2501"0O
3 | i n 1 2 l 9 2 1 I Y l I s § 2
100p 200p
Cell thickneas
¥
1,
. : r Y "
o L_abroissa P
. 0.5¢ )50
A 2 'l I Il e e 2 L £ 2 e 1 2 4 l 1
' 1 2
- 00w o0p Cell thicknesg
1. e —r——————
L T I
L abgolasa = —_—
o.5F TO"% ————
| AP B | P i Lo
1001 200p 500n
Cell thickness
F »
1' e B -
C 1001
o5 Q O
- E  absels
2 ' l r'e 4 g 3 'l l 2 'l l— 1 e ' ' l 1 Y 2 ] v ’
1 300 -
. ¥ire spacing -
(.'mner edge to inner edse)
Figure 13, Fleld parameter F as a function of cell thickness
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0, _Electrode polarization
The total impedance of the cell is oompo.ud of two
series Mpodb.ncoss the fluid impedance and the boundary or
surface 1mp§dance oxiatins' at the ?t-iiquid interface., A

portion of the applied voltage thgrerore is lost at these "”':"

interfaces, the phenomenon being called electrode polariza-
tion. Acourate knowledge of the magnitude o.f eleoctrode polar-
1zation was & pgerqquiaite for these quantitative studies,

In general, the observed total resistance, Rp, 18 given
‘py the a.pp?onm.to relationm

Rp = Rg + 4R (2)
vhere Rg = true, frequency-independent, sample resistance

AR = resistance cc;ntribution of. electrode polarization,

a power function of frequency -

Since AR would be expected to be largest, and most
troublesome, wit.h hishv conductivity media, such as physiolog-
teal saline (K~10"%mho/cm), the first measurements were on
that su'bstancelsf. Fig. 14 shows the-resultg ’Sr this meas-

urement.,

u‘schwan, H., P.: Determination of Blologlical Impedances
in Vol. 6 of Physical Technigues in F’.eﬁc%ne and BLOLOAY. -
Academic Press, New Yoﬂi I§§3. .

lsxvxoasuremonts were made with a Hewlett-Packard Impodanoo
Bridge, type 6SO-A. ,

-

P
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From these measurements it can be concluded (1) that
platinum electrodes must be retained, since some electrode
polarization ococurs even with them--copper electrodes would
approximately double the polarization; and (2)!that for fre-
quencies much greater than 10 ko, polarization ertécta are
tolerably small, but for £ = 10 ko, electrode polarization
absorbs about half of the appllied potential. The few quan-
titative data vhioh were taken in physiologlical saline, there-
fore, used rroqﬁencies well above 10 ko,

A similar measurement was made of the cell when filled
with the low-conductivity polysiyrense suspeﬂsiona. The re-
sults of the measurements are shown in fig. 15a. From the
frequency-independence of the low frequencj part of the curve,
it 1s clear that electrode polarization may be neglected..

The drop-off above 1 Mc .19 due to the shunt capacitance of
the leads and of the cell itself. This capacltance was meas-
ufea. independently and found to be of the order of 1lOunf. At
1 Mc, therefore, the reactance and resistange of the cell .
are both about 104 ohm, Above 1 Mc, the cell will appear to
be a pure capacitance. The approximately linear dropq-of’r }s
the result of the relation 4

-

:.lzcenl“;% ,  for £>1 Mo

1 -1
* 210

. .- 1 . e a P .' i
_mlzconl"" ln e 1§ £ (3)
The curve should, and does, have & oonstant negative slope

above 1 Mo, At about 100 Mec, the effect-of ‘lead inductance.
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begins to appear. Very few quantitative da.ﬁ for non~thermal
effects were taken at 100 Mo and none were taken above 1t,

In oconclusion, the amount of electrode polarization
was found to be negligidle for all rrequenuﬁ of interest
vhen low conductivity material is used. When high conduoctiv- :
ity material is used, measurements m.ust be limited to fre-
quencles well abéve 10 ko if electrode polarization is not
to be taken into account,
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D, &ogggcbpic methods

A Leitz Dialux microscope was used throughout this
study. Illumination was incandescent and, with the exception
ménti‘onod in reference to fig, 23, was self-contained., A |
Helné condensor provided bright field, phase contrast, and
dark field illumination in a ocontinuum of availadle 'eotyingu; :
which were used as required, Three objective lenses, 10x, '
40x, and 90x (oil immersion), turret mounted, were used in
conjunction with a 25x peripla.iw.tic eyepiece for viewing
and & 1l0x Huygens eyepiece for photography.

FPrnotographlce facilities consisted of a Polarold-Land
camera at..ta.ched. to the '.\;ens body of the microscope by means
of .t.he Leitz Aristophot stand and suitable bellows a.nd. reflex
viewer., Type 47 (ASA 3000) film was normally used to mini-
mize the required' exposure time.

Measurements of microscopic distances can be made in
three dimensions. Length and width are measured with an __ _ . =
eyeplece reticle léa.librated, for each o'bject,,hrre lens,  ageinst
a calibrated slide (2mm divided into 260 parts). For example,
this reticle was used to measure the dlameter of spherical
parvicles by measuring the length of a straight chain of
such particles. The technique is described in more detail
in reference to fig. 36. General measurement of fixed lengths
over 10 are probably accurate to within 1%, Measurements )
of depth are conveniently made using the calibrated stage
elevator control., The apparent depth from one p:‘L.ana of focus

to another is given on the "fine" elevator knod directly in
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miocrons, The true depth may then be found be multiplying

" the apparent depth by the index of refraction of the medium
in vhich the plane of focus was raised or lowered, Depth
measurement by this method may have an error of i5p or +5%

(vhichever is greater), but it is sufficlently acourate for
&ll purposes of this study.



IV, FORCES IN INHOMOGENEOUS FIELDS 16

A. Introduction and theory

A small partiilo of complex dielectric constant ef ii~'
suspended in & mediunm e:unn‘ia exposed to an alternating
electric fleld whose effective (r.m.s.) value at the site
of the particle, prior to its insertion, is E,. The poten-.
tial energy, AU, associate@kwith the presence of the pariiolo
in the field is given by 17,18 |

1 * =
AU:ERQIV CERROBE NS R (1)
a
B |

vhere E; = the effective field inside the particle

Vi

~

the volume of the particle

= the complex conjugate

Assuming that (a) the media are homogeneous and isotropic

and (b) the particle is a sphere whose size is sufficiently
small so that over ites extent the impressed fiel&pis homogen=-
eous to a first approximation,‘then-the intermal fleld is

also homogeneous to a first approximation., .Its value is

* . !

Ey = —rz-gl—- Eo (2)

‘ e+ 2¢€ ‘
Then __3 * ¢f-¢f a2 B
’ AU = = s Rejv Ez—l——-ih-e:,+ 26: Eo av (3)
(]

16ca116a "ponderomotive forces" in Joos, G.: Theoretical
Physics. 2nd ed., Hafner, N.Y,, 1950; and in Abraham, K.

EE%TEEEker, R.: The Classical Theory of Electricity and
Masnetism., 2nd ed,, Hainer, N.X., .

17Schwarz, G.: A general expression for the energy of a dlel-
ectric body in & quasi-electrostatic electric fleld. Internal .
report of Dept. of Bilomedlcal Electronic Eng., Univ, of Pa.
Submitted for publication, L

leTho MKS system of unite is used,

-tho-
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The particle will experience a force F in this field where

P=-v(@U) , (4)
2v-ao(‘ e.'-e*,) . |
In the case of loss-~free dielectric materials, eq. (4) reduces
to a well-known rela.tion19

=2V, e ——_52 yg?
=Nt € +26€, VE (6)

In view o:‘ these results, it 1s seen that a particle
experiences a force whose magnitude increases with (a) the
‘amount of the inhomogeneity, (b) a function deseribing the
difference in electrical properties of the two media, and
(¢) the volume of the'particie. Equation (5) will provide
an explanation for several effects observed in the cell and
will provide a quantitative basls for discussions of blolog-
ical effects.

The creation of concentration gradients by the action
of purposely-applied inhomogeneous fields on suspensions of
polarizable (¢ - € # 0) particles has been given the name of
electrosedimentation 29/l | The method has been propéaed for

19 ppaham, M. and Becker, R,: Ref. cit., p. 9l.
2°Debye, P, et al,: Experiments on polymer solution in in-

2(1omo 3neous electrical fields, J, Chem. Fhys., 22, 152,
1954).

21Debye, P. and Debye, P.P, Jr,: The Collected Papers of P
Peter J, W, Debye, p. 697. Interscience, New Yo"iﬁmrgsr, c-—
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the study of the physioal properties of large (>1001), con-
pact (dense) macromolecules, for which the effect of electro-

sedinentation is most pronouncec‘laz'23.

22Peter11n, A, and Ribarie, M,: Dynamical theory of electro-
sedimentation, J, Chem. Phys. 31, 759, (1959).

23Prock, A. and McConkey, G.: Inhomoseneous field method for

the study of large polarizable particles, J. Chem, Phys., 22, L
224, (1960). . IR —-
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B, Examples of forces due to 1nhomos§neous fields

The polysiyrene and~silicone particles primarily used
in these studles had dlelectric constants and conductivities
vhich were considerably lower than those of their aqueous
suspending media, 8o referring to eqg, (4), it may be eeeﬁ
that the direction of the force would alvays be toward areas
of ygﬁggg field strength.

Figure 16 shows an interesting (composite) photograph
of a small portion of a cell in which pearl chains have formed
between the wire electrodes. The pertinqnt observation in
thls photograph is that there are two parallel areas adjacent
to and between the wires in which there are virtually no
particles or chains. Referring to fig. 12, 1t may be seen
that these areas are those in walch the inhémogeneity is a
maximnum, Over the perlod of three hours during which the
fleld was applled, the chains that formed in those areas
“near the wires responded to the inhomogenelitiy by leaving
the area, Once oﬁtside the wlres, the chains broke up Que
to a lack of sufficlent fleld strengtrf and the individuel
globules remalned outside in a random dlstribution. The
chains which formed in the mld-area between the wires re-
mained, As they slowly drifted to and fro, they stuck to
each other, side to side, whenever they randomly made con-
tact, Of course, neither the pearl chalns nor the effects
of f1eld inhomogeneliy required three hours to appear, The

extra tlme waﬁ provided for the very slow drifting of oonm- -

'pleted chains t0 become resolved into a final pattern, The
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Pt 0.8mm Pt

|WIRE WIRE
23v. 25Mc

Figure 16. Composite photograph of pearl-chain formation

in a silicone emulsion., The stated particle size of 3n is
very rough (see fig. 17). Picture shows areas near the wires
vhich have been cleared of partlicles by the force due to the
field inhomogeneity there. Note that particles outside the
field are randomly distributed.
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surprising regularity of the spacing between chains is prodv-
ably Just a consequence of & slow statistical process which
was glven enough time for virtual completion,

A close-up photograph of the ends of some of these
very well-developed chalns appears as fig, 17. It is surely
the paucity of available pcrticles that makes these ends
taper down to & single strand. And the paucity was ceused

by the inhomogeneity of the field.

Figure 17. Detalled view of the ends of the pearl chaing

appearing in fig. 16.

Almost every time the effects of lnhomogeneous~fleld
forces appeéred, they were unexpected. But never was the
effect more surprising or dramziic than in the cell with
tapered wire spacing. The idea was to have a single applicd
voltage result in a fleld strength which would vary with
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distance aions tho.wiros. Although an evident grad E exis-
ted in a direction parallel to'the wires, the particles did
not vieibly react to that comparatively weak force. Figure
18 illustrates the effect which ocourred, The space bétweon’
the wires at the left was necessarily very small, about 60p
or one wire dlameter, so that the field was highly inhomo~
geneous there, Upon application of the field, all of the

v N

<< N S
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Figure 18, .Particles leaving the space between tapered '
electrodes. Exodus at the left is due to the field inhomo- .
geneity, Particles at right diffuse toward newly cleared

area at ;ort. “hen are forced out glao.

L
\

particles in the narrow area left immediately (in about one
second) in response to the force, The remaininslparticlea
then diffusgd into the evacuated area in a vain attempt to

. restore the concentration. The overall result was that the
. entire area between the wires was essentially clear within

| “thirty socondu. The action clearly resembled that of & pump
and , in fact. has been used for that purpose, |
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Another illustration of an unexpected effect was the
concentration gradient found in the vicinity of air bubbles.
Fig. 19 shows seversl air bubbles between the wires of a cell
filled with a silicone emulsion. It can be seen that there

are flare-like areas near the bubbles which have an augmented

Figure 19. Alr bubbles in a cell filled with a silicone
emulsion., Lower wire 1s just visible. Note the concentmation
gradlients around the bubbles. Also note the pearl-chain-like
disposition of two of the bubbles. Bubbles do form chains,

concentration of particles (individual particles are too

small to be seen in this photograph) and other diffuse areas
with a deficiency of particles, as compared to the concentra-
tlcu - asvanas wi the bulke It is believed that this phen-
omenon is another manifestation of the forces in inhomogenseous

fields and that the explanation is that given in fig. 20.
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Dipole
field
N ~ Uniform
impressed
field, E,
N /'qT
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N |2l < [E| 7 .
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Figure 20. A study of the magnitude of the electric field' _
in the vicinity of a dlelectric sphere subjected to & un‘ifdrm |
. impressed field, The concentration of mll partiocles in tho
nedium mmundins the sphere is modiﬁod by changes in E .
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Fig. 20 graphically shows that the perturbation of the
field by an alr bdubbdble may be idealized as the field of a di-
p°1‘2h.25 This dipole field, when added to the pre-existing
field, E o? gives a resultant field, E, whose magnitude changes
{rom values greater than Eo to values less than E, &t the |
dotted lines indicated. The particles in areas of augmented
field strength tend to leave, and those in areas of 4iminished
strength have unexpected company. The angles visible in the
photograph do not exactly correspond to thosge in the drawving
beoaﬁae of the tightly confined geometry of the large bubble.

C. Conclusion

Several examples of the effects of forces in inhomogen-
eous fields have been described. Each has been the consequence
of a falrly high gradient. Since the fleld strengths have been .
of the order of 100v/cm, and distances over which a.sharp drop
in this value would provoke an effect have been of the order
of 100p, the order of masnitude of the gradients has. been
about 10 v/om/cm. Blological implications Of these forces
will be discussed in more detail in section VIII.

ahStratton, J.A.t Electromagnetic Theory. p. 206. McGraw-
Hill, New York. 1941,

Zsfho configuration of the dipole field around d sphere vas
taken from Maxwell, J.C.: A Treatise on Electricity and Marne-
tiem, I, fig. V, art, 143,  Clarendon 88, ord, .




V., A0, Microelectrom' oresis

A, Introduction

Electrophoresis 1s the movement of colloidal particles
through a fluid under the action of an applied electric rield.
Commonly performed as & statistical study of the mobility of;3
large numbers of macromolecules, it ma& also be done on a‘sin-‘
gle suspended particle if the motion can be observed micro- I
scopically. The latter technique; known as microelectro- '
phoresis, uses an applied D.C. electric field to cause the
observed particle to move a fixed distance in a measured time . ~
interval. The calculated velocity per unit field strength
1s called the mobility of that partiole vhen so suspended®®,
D.C. microelectrophoresis has met with varying degrees of
success, depending on the apparatus and on the opefator.
It is primarily used for studylng the surface properties of
particles in the micron range of 31z3527. |

A knowledge of the technique of D.C, miqroelectrophorq
esls should have,been suffiqienx to predictﬂfhe oceurrence
of the phenomenon at sufficlently low\frequenciea, especlally

with the highly mobile 1.1l7n polyapyrene spharee. But the

26One of the first observations of D,C. mlicroelectrophoresis
vas that by Cotton, A. and Mouton, H.: ftude directe du
transport dans le courant des partiocules ultramlicroscopiques.
Compt, Rend. Acad. Sei., 138, 1584 and 1692, (1904).

27For a clear and instructive review of all facets of D.C,
microelectrophoresis see James, A. M.: The Electrochemist

of the Bacterial Surface, p. 98 in vol. 8 of Progress in
Tophysics and biophysical Chemistry. FPergamon, ﬁ.!.. 1957.

-0-
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prediction came after the fact, Vhile atudying the low-fre-
quency behaviour of pearl-chain formation with polystyrene
spheres, it was observed, at about 20 ops, that each particle
appeared as & line segment whose length varied with the mag-
nitude of the field strength and with the reciprocal of fre-
quency. Once observed, the phenomenon was realized to be
another non-thermal effect of utématins electrioc fields--
hence its inclusion ne:cez.8

A.C. microelectrophoresis is not new??, But it has
not become & useful research tool, because of two inherent _
difficulties: the lack of a sultable method for measuring
the amplitude of the alternating motion and the difficulty
in correcting for the complicated alternating eleciro-osmotic
effects. The latter problem will be discussed in more detail
in section D-2. The obvious "solution" to the former prob-
lem 13' a visual measurement of the apparent motion with an
eyeplece reticle., But thié measurement is difficult to the
point of 1mpossib3.11ty. It must be done at, sufficlently
high magnification (~v100x) so that the possibility of align-
ing the perticle's track with the fixed reticle is obviated
by rendom or convective drifting of the particle's "rest"
position. In other words, the appareh‘o line of motion of the-
particle does. not stand still., The present study starped with

an attempt to eliminate the problem of drifting.

28The phenomenon could be called A.C. electrophoresis, since
the use of a microscope is mandatory in the A.C. case,

29Svodbers,' T, and Andersson, H.: 2Zur Messmethodik der elek-
trischen Kataphorese. Kolloid Z., 24, 156, (1919).
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B, Experimental methods
1, Separation of drift from mobility

Although & single particle in derk field illumination
could be mioroscopically obaserved to oscillate and had the
visual appearance of a line segment for frequencies over 5 -
cps, the length of the track oould not easily be measured
due to driftins; Clearly a photographic record would not
‘only render the drifting less cumbersome but 1t would allow
one to find the average of simultaneous measurements on many
separate particles. Drifting, hpwever, vas not entirely
overcome by photography, because it could not be guaranteed

" thet the line segment on the photographic record was the
exact superposition of several osoilla.uons’).» Each succes-
slve osoclllation could add to the apparent length of the
track 1f the drifting were in that direction. And in fact
this situation subsequently was found to be the case.

The problem. .was overcome, following a suggestion of
H. P. Schwan, by moving the stage of 'ohe' migroscope in a
direction perpendicular to the oscillation vhile the picture
was being taken, Figure?2l illustrates the problem and 1ts
solution. It can clearly be seen in (c) that the amplitude -

3°The following excerpt is translated from Svedberg, T. and
Andersson, H.$ Zur Messmethodlk der elektrischen Kataphorese,
Kolloid Z., 24, 156, (1919)., "It was found impossible to use
photographic registration of the motion since succeeding
swvings 414 not superimpose. Visual measurements were made
using an eyepiece retiocule," .

N
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of the ouoillation and the Arifting of the origin are clearly
separated, Furthermore, it 1s apparent that two c¢ycles of the
epplied field is sufficient to achleve this separsation. fThere-
fore, since t:> heat development in the liquid due to the ap-
_ plied field is not negligible, it will be helpful to limit .
application of the field to two oycles. How thias 1s done fol-
lows the related discussion of the problem of providins prop-
er illumination to the cell, '

(8))  (b) . (o)

Figure 21. Diagram of the photographic record of a suspended
charged particle. (&) No eleotric fleld is spplied. The
particle is statfonary. (b) A sinusoidal field is applied.
The vertical segment is the superposition of several "swings."
(c) Same as (b) except that microscope .stage 1a‘moved.d.gr1ns .

the exposure. . o L

2, Special illumination
" Naturally, dark field illumination was & necessity,

ainoe only in that way would the track of the particle regis-
ter on the film, In fact, normal dark field illumination as
provided by tﬁo Heine oondensor was not always sufficlently
bright; the particle's image moved across the emulsion at
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considerable speed leaving little expoeure in its wake. 4An
aggravating .factor was the nonially dull and tfhlok traclks
left by a particle larger than & l1.2p polystyrene sphere, ‘
such as an erythrocyte or an erythrocy'te ghost., The solution
to both problems, i.e., Taintness of the track and thickness

-

whioch makes amplitude measurement difficult, was to design -
& different kind of dark field illumination,

The principle of dark field illumination is that an
object should be seen only by the light which it :ca.t;bers.

2

Figure 22, Normal dark-field 1illumination, " Hollow cone of
1light converges on sample, then diverges to miss objective
lens, 'Only light socattered by the sample enters objective,

Vhere there are no particles, there is no scattering, and

| hence nothing is seen. In other words, there is a dark field.
The principle 1s 11lustrated in fig.22 . Illumination frbm
beneath the stage 1s in the form of & circularly symmetric
hollow cone, 80 that none of the rays direcily enters the
objective lens. An object osught in this orossfire scatters



55

some of the light and some of these scattered rays enter

the objective lens betraying the presence of the scatterer.

A large objeot generally appears duller than a small one, o
since light is scattered most efficiently by the borders.

And as the image of these bright borders moves on the filnm,
the track is wide and dull, Vhat was needed was a way of
illuminating a lérse particle so that it would appear to be
snall, that is, so that it wouid appear to be a bright point -
of 1light. Such & scheme was devised,

The normal Heine condensor was removed from its mount
and a series of mirrors was put in its place, the first being
plane and the second concave (converging). The self-contained
lamp in the base of the microscope could still be used, and,
in fact, its light output could be utllized more efficiently
than in the standard scheme, 'Instead of circularl&-symmetric,
dark field illumination, the new system gave a very intense,
unsymmetrical beam which converged to a maximum intensity
near the stage surface. Figure 23 illustrates the light path,

' The effect of this highly unsymmétrical illumination
was to change the normal "oright"outline of an erythrocyte
ghoet, for example, to a pair of bright pointé, corresponding .
to the sides toward and away from the source. Because‘the
stage movement during the exposure was perpendicular to the
line.conneoting these two points of light, the track of each
particle would change from a wide dull track to a palr of
sdentical bright lines, Figures 2l and 25 show grythrooyta ‘
ghosts in normal and in modified dark field illumimation. .

.
A



Figure 23. Modified dark field illumination. The first
mirror is plane, the second concave, A shutter riding in
the condensor holder can interrurt the beam at its narrovest

point.
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Figure 2i. Erythrocyte ghosts in normal dark fleld ililum-

ination as provided by the Heine condensor,

Figure 25. Erythrocyte ghosts in modified derk field illum-
inatlon as provided by the arrangement showvm in £ig. 25,

zach ghost appears as two (ghostly) poinis of light.
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Bince the intensity of this new dark field illumination
was, and noddod.to,bo. 80 great, it was found expedient, in
order to minimize heating of the illuminated object, to use
& shutter in the beam whose openpﬁime became the effective
photographic exposure tims. A plcture was taken by opening
the camera shutter on "time," removing the slide in front of
the film and briefly opening the beam-interrupting shutter,
Even though the film normally used in this work had an ASA
3000 exposure index (Polarold Type 47), the effective f-aper-
ture of the camera was so small that exposing the film to the
unilluminated stage was permissable. The beam-interrupting
‘shutter can be seen to be near the narrowest part of the bean
in fig. 23.

2. _Automatic seguencer

To move the stage during the exposure, to turm on a.

10 ops fleld for two c¢ycles, and to 1isﬁt the stage for about
the same period required too much manual dexterity for the
production of consistent results. These op;iations clearly
denanded automation., But in this sequence of operatiqns, the
time intervals were long compared to those common in electronic
devices andﬂshort compared to those common in mechanioél de- ‘
vicea, Nevertheless, & slmple method, using relays, was dé-
vigsed which not only accomplished these goals eétisfactorily
but vhich had the bonus advantage of allowing an easier seﬁ-
aration of superimposed, faint traoka'on the film, The elec-
tromechanical device which was built to‘sequonco‘the process

18 herein called the "“sequencer,"
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Operation of the sequencer with a single "start" but-
ton performs several tasks as a funotion of time, as illue-
~trated in figure 26,

OT-—-‘— Push "start" button on sequencer; solenoid
, T opens beam-interrupting shutter

100 -L-——T' Electrical field on
- T

200 -

300 1. l Kleoctrical fleld off
400 4
~— Shutter ¢loses itself after its preset exposure.
500 + time has expired ' .
1 ., .
time (msec)’ o

Figure 26, Time sequence of oberations perrbrmed by the

sequencer, T, and. T, are the two time delays 59neré.tedj.

_ The operator must move the stage manually, and while
so doing, a push on the sequencer's button completes the |
operation., Automatic movement of thg' stage could have been
provided but was not seen to add any virtue éxcept glamour
to the method. It was found that 2 mm/sec of stage spéed
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wa.s surricient'and that this speed corresponded to 40°/secc

of angular'movemenx of the appropriate stage control knob.

By adding a 36 ocm extension lever onto this knob, the motion
was imparted menually with sufficlent accuracy and smoothness
and with 1little difficulty., It should be noted that exact
control of stage speed adds no edditional accuracy to the
method.,

The sequencer is described in detall in fig. 27 . The
component values are those which glve the delays 1; and T;
in fig. 26.

Referring to fig. 26, it is seen that the field 1s on
for only about half the time required for the complete pic-
ture. Both before the fleld goes on and after it goes off,
the particle's image is moving but is not oscillating. Thus
the sinusoidal track has a straight line as its start and
one as its end, A typicel result appears in fig, 28, Noté
that the straight‘"tails" on the sinusolds allow one more
easily to separate the tracks left by the individusl particles.

.
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Fgure 27 . Schema‘tic_: of Sequencer (double time-delay generaior) °
The: 300Q solenoids Iq,Ly, and L3 operate the relays A3,A,, and
Ay with about 12v applied. Ly 1s a shutter-operating solenoid.
Operation of the circuit (refer to fig. 26 ): Each relay will
be spoken of as being "off" if the contacts are made as illus-
trated and "on"'otherwise. Closure of the "start" button
allows relay Aﬁ to go 6n, but not before the shutter solenold
Ly has been energlzed (t £ 0), With A3 on, the capacitor be-
gins to charge up, finally allowing 4, to go on (t =T). 4,
then goes on (t.=7) and the capacitor begins to discharge
through Ip. After t =17, +7, the capacitor has lost énough

of its charge to. allow A:L to go off, However it does not |
charge up & second time because Ap 1is on. The coycle is conm-
Plete, repeating only if the button is released (4 and A go
off) and re-pushed,
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C, Results

The photographs showed that the shiny wire electrodes
were reflecting the lizht iLa guch a manner that the dark
fleld was changed to a gray Iflcld, So to improve the con-
trest, 1t was found necessary to use more widely spaced elec-
trodes than for other kinds of observations, With this last
nmodification, which also improved the homogenelty of the
field, the photographs had the appearance shom in flg, 28 and
29.

Figure 28, Alternating electrophoresis patterns of 1.1l7n

polystyrene spheres., 10 cps sine wave applied,



Figure 29, Alternating clcetrovhorasis patterns of 1.17n
volystyrenespheres. 10 cps squars wave applied, Particles
eppear to reverse thelr course instantaneously, showing that

inertial effects are not obvservadvle,

Comparison of these photographs with others teken of
a cellbrated slide is sufficient to establish & very accurate
scale of size, However, the determination of mobllity for
these particles (particle velocity/field strength) requires
the results of the followins analysis of alternating electro-

phoresis.
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. D, Anslysis of elternatinz electrophoresis

i, Slectrical vs, inertial gorces'
A suspended particle with an effective net charge q

in a IC electric field of strength E experiences a force
GE. The particle's velocity increases until the viscous
drag equals the electrical force. The terminal veloolty X
is given by _

kx = qE . (_1)
vhere k is the coefficient of viscous drag. If the particle
is spherical,ni:is_sﬁfficiently low, and there are no boun@ary'
effects, then Stokes law ﬁay be applied to give

= 6mna - (2)

vhere 1 = coefficient of viscosity and "a" = radius of aphére,
It is now useful to define a parameter  as mobllity, with
the units of particle velocity/field strength., (Particle
velocity is used to emphasize that n 1s defined for a par-
ticular particle.) Then _ , ' |
= | y (3)
| ' (4)

3
v e
Nio ‘E,

In an alternatiné electric field, a suspended, charged
 particle ia(;ubject to an alternating force., Motion 1s now.
resisted by viscous effecis in the suspending medium and by

inertia of the particle itself3 So, for a sir..oldal field,

31There is an inertial reaction from the liguid also . How=~
ever it is of the same order of megnitude as the inertial
reaction of the particle, vhich itself will be shown to be
neglisib&e.
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the aoctual displacement, x, of the partiole is given by the
differentisl equation 32:33

n + kX = qE ein ot (5)
where m = mass of the particle, k = coefficient of viscous
drag, Q = effective net charge on the particle, and E = amp-
litude of the applied electric field, Then

E ‘ ~
x:-mnn ((Dt*@) (6)

vhere ltn.n 0 = 1-‘é‘-“- . (7)

Assumins @ 1.17p diameter polystyrcno sphorcj* suspended in

water, it is easlly computed that

tan 0 = 2230° e

Thus the phase angle i1s essentially 90° for frequencies below
300 ko. - Furthermore, at the low frequencies of interest,
0*<< (k/m)®, so that eq. (‘6 ) reduces to

x =’- %ﬁ- 008 wt (9)
= -}% cos ot A - (10) |
= —A 008 wt , where A = P;h: (11)
Then b= % (12)

3231\111, 0. s Untersuchung von Kolloidparti.keln in Wechegelfeldern

verschiedener Frequenzen, Physik 177 (1925), ibia,
'H;, 143, (1926; (short aaurrm-Lr)o note a.,’ 8o, ’
926) (errata

33Lamb. H.s Hydrodynamios. Article 357. 6th ed., Oambridge, 1932,

k14 15 unfortunate that mobility énd mioren are both designa~
ted by the l{l:bol . but this is the oustom. The ocontext
should obviate the onusuty. . :
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The amplitude A is measured from the photographic record,

as illustrated in fig.30 . 8ince o and E are known, the

use of eq. (12) gives a value for mobility in a ra.irly direct
faghion, '

. In otfoct'. the preceding deveiopmont ghows that, for
all frequencies of practical interest, the .'oomin.ul velocity
‘of the partiole is reached in a negligibly small time.. Thus
it is possible to say that '

x = E(t) T (13)
Therefore L x= p[E(t) a4, ' (14)
and 1f E(t) = E'sin ot, we have &irectly that |

x= - E cos ot : | . (15)

vwhich 18 the same &as eq. (10).

Figure 30. Measurement of amplitude from photographic record

From eq. (14) it can be seen that if E(t) is a equare -
~wave, then x(t) will be a triangular wave, The conversion
~ of the amplitude of the triangular vave to & value of mobllity
proceeds in the same nmanner as the sine wave case, with the
formula for u"boins derived in the same simple manner,
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2, Alternating electro-osmosis

Electro-osmosls, like electrophoresis, is one of a
group of phenomena which have a common origin in the asym-

metrical dlstribution of electric charges at an interface,
" “ghe electrical double layer," If an electrical field is
applied to a system consieting of a solid and a liquid phaﬁe,
there will be movement of one phase relative to the other,
The velocity will depend upon the boundary potential’across
the plane of sghear, the so-called zeta-pbtential.

The liquid environment of the particles has a certaln
zeta-potential with respect to the glass walls of the cell.
This potential wouldbe the same as that with respect to the
particles only i1f the surface properties of the particles were
identical to that of the glass. Therefore, an applied electric
£1e1d will cause the 11quid to move with respect to the gless
walls (electro-osmosis) at a velocity which is different from
the velocity of polystyrene particles with rgspect to the
liquid (electropﬁoreais). o

' In a flat glass cell, a DG fleld will cause the two
boundary layers of liquid to move in the same directlon ati
the same velocity. The tulk of the liquld will eventually
achieve thé”same uniform velocity due to its viscoslty.

However, if the cell is closed, the liquid cannot have anet . -

flow across any oross-section of the celli Therefore a flow
. profile develops whose integral is zero over every cross-
section, Particles observed to migrate in the cell are ac-
tually achieving their terminal vélooitios, according to eq.
(1), with respect to the liquid which 1s itself moving,
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8o the veotor sum of particle and liquia volocitioa is the
actual quantity measured. "If the olootro-osmotio flow pro-
file is knoyn, & suitable calculation isolates the electro-
phoretic component, )
In & flat cell, DC electro-osmosis is relatively ea;y
to analyze 35 - 38 . Pressure, built up at one end of the

closed cell by the attraction of that elestrode for the en-

tire liquid, results in laminar flow in the reverse direction,

with the usual parabolic velocity profile. Thus, the total
flow profile of the liquid is the sum of a constant electro-~
osmotic flow in one direction and a parabolic flow in the
opposite direction. The two flows combine to give a para-
bolic velocity profile, vw(x), for whioch
X ,
va(x) dx = 0 - (1)

vhere v, (x) = velooity of liquid (ﬁater) at a depth x

and . X = total depth of cell.
Knowing that v, (x) is parabolio, it 18 easily shown that
v, (0.21 X) = v (o, 79 X) = (17)

vhich means that there are two planes within the cell.: Where

BSSmoluchowskI, M.§ in Graetz Handbuch der Electrizitdt und
des Magnetismus, Vol. 2, p. 366. pzig, ’ .

36Abramson, H. A., Moyer, L. 8., and Gorin, M.H.: Tha Elec-
roggoresis of Proteins, Reinhold, 1942,

0011016 Science, Vol, 1. H. R, Kruyt, ed., Elsevier, N.Y,,

38Jamea, I.A.M,, and Loveday, D.E.E.: Microelectrophoresis.
Chemical Products, 21, 357, (1958) (part I); ivid. 21, 408, .
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the liquid is stationary. Eleotrophoretic observations made
in these planes require no electro-osmotic correction, How-
ever, the most accurate measurements involve measurements of
apparent electrophoretic velocity

Vapparent (X) = Vere(constant) + v (x) (18)
a8 & function of depth, x. Subsequent use of eq. (16) gives
an accurate graphical determination of Virue ¢+ Whilch is the
true, constant electrophoretic veloocity.

These procedures were carried out recently for a detailod
study of the DC electrophoretic mobility of l.7p polystyrene
spheros39. These data are useful for comparison with those
" taken here for 1.17n polystyrene spheres, since the mobility
should be independent of size"."o. : :

Analysis of alternating electro-osmosis is severely
complicated by the inertia of the liquid. An analysis has
been madem', but since its discovery by this author was very

recent, there has not been sufficient time to include it here,

Experimental measurements of the apparent (uncorrected)

. AC-electrophoretic mobility were made in the cell (previously

described) as a function of depth, If the electro-osmotic
correction were the same as in the DC case, the data should

be parabolic, but fig. 31 shows that something more is involved,

‘ 395151a.fr, C.L. and Mazur, J.: Electrophoretic mobility and
electrochemistry of latex systems. J, Colloid Secience, 15,
437, (1960). ,

hoAbramson, H,A.3 Eleoctrophoresis. The Academy, New York, 1939

h White, P.: The theory.of electro-osmotic circulation in
varying fields. Fhil, Mag,, 26, 49, (1938). - _

]
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~Figure 31, Electrophoretic behaviour of 1.17p polystyrene

spheres in water. Ordinate is amplitude of alternating mlgra-
tion (in mm) as measured from photographs (see fig. 30), Width
of dotted rectangles ls photomicrographlc depth of field; ‘
height is one standard deviation above and below the mean A-
value for each depth (see fig.32). Total curve is result of
measurements on 262 particles. Applied fields 179v/cm, lOops,
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Figure 32. crou-uotg.on of cell in
which data for fig. 31' wore taken,
Axrows vshow depths at which photo-
graphs wez"e taken, one at each depth.

', Dotted lines define area ’or'_gel.l_ ‘seen
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Short of & complete theoretical analysis of eloot.ro-‘
osmosis, several preliminary conoiuaiom may be drawri from
f1g, 314 |

(1) The most striking quality of the curve is its

. symmetry. 1In view of the fact that 1.17y polystyrene spheres
setile out at a rate which is not negligidle as compared to
the rate of ta.klns the 12 pictures required, it is reasonable
to blq.me part of the asymmetry on settling, The plctures
were taken at increasing depths at approximately 30-second
intervals.

(2) The maximum apparent mobility 'doo.a ocour at the
exact center, just as in the DC case, Also, the general
shape suggests a parabola with perturbations at the walls,
Since a DC measurement would have given a parabola, and since
the electro-osnotlc effect has its origin at the walls, one
i8 left with a feeling that the curve will succumdb to a
proper analysis, i | e e

(3) The a.v’erase of the meximum and minimum values of |
mobility calculated from this curve is 2,46 ‘%:%"- . This |
value 13 compared tq published data in ﬁ.g. 33, although the
concentration of soiap‘ is not known in the present measure- .
ment"‘z. However 1t 1s surely less that :I.O"3 mole/liter,
since the polystyrene suspension is diluted by about 100x
fron bi.ta original prepared form before 1t is used.

4251102, C.L, and Magur, J.1 Ref. 6it.

-
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Figure 33. cpmpagison of published DC electrophoretic
mobility with calculated approximate value 0f AC electro-
poretic mobllity. Gifcles and fitted solid line are for
the DC measurementis on l.7w polystyrene spheres, Dotted - - ——— """
line lse the'averase value of AC electrophoretic mobility
calculated from the datsa in fig, 31 for 1.17w polystyrene
u sphe:es. The likely range of soap concentration in the AC
caaeyil indicated by the length of the dotted line., There
ghould be 1o depondeﬁoo of mobility on size per se.
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E, Optomization of waverorm,.amglitude, and freguency

Considerable heat is developed in physiological saline
or liquids of equivalent conductivity when the necessarily
high electric field is applied. If the teschnique 1s to be
u;erul for b&oloéioal wor&. this heat must be minimiied. 'The
problen is pomplioatod by the interaction of the parameters
which determine the heat development: vaveform, amplitude, and
frequency.. The present discussion attempts to elucidate thos§
interactions and t0 specify the method of optomlgatlion,

It will be assumed that the applied field, E(t), satis-

fies the following mild conditions (vhere T is the fundamental
period): ' ‘

E(m %) =0, n=0,1, 2, ...
# 0, otherwise, - (19)
?
and JE(t)at = 0 (20)
Then from eq. (14) :
Amplitude of particle' s.motion (7.4 jE(t)dt : (21)
Heat developed per cycle X j E'(t)dt (22)

Because the field must be anplied for«only (about) two
cycles and no heat can leave the fluld during that time, the
total heat developed 1s the important quantity in.determining_,,-;~
the temperature rise of the sample, Thuenit is necessary to
maximize the ratio of amplitude of motion to heat developed
per oycle. This quantity will be called A/H,

To maximize A/H as a function of waveform, several dif-
ferent wévetormo are chosen vhich woqld be experimentally
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~ convenlent. 1In all ceses, the amplitude of the field strength
~ 48 held oconstant at unity,
8ine waves E(t) = sin wt .
' ¥ : ¥ .8
Then A/E = (Yain ot at/| sin®t at = 0,64 .
. () (]

E
>
n=0 .
T F t
2
1
=1
: : -
n=2
n=3 e

Fisure 34. Waveforms investigated for their resultant ratio
of amplitude to heat (see text), |

MOt.her waveformss Consider waveforms of the form '
E(t) = (%‘)n t®, n=0,1, 2 ..., osts%- » vhere the
‘'aveforn 1s extended as illustrated in fig; 3i .,
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" For any waveforn of tiua type, we ho.;e
4 .n AT 4@, 2n
2 v at/4 - 4
AN = S’ (%) / S. (%)% at
- ‘on + 1
2(n + 15

Note that 3._1..?. A/ =1 . Figure 35 presents these results

A/H
1.0 ~~——— Theoreiical limq.:l:.:

T=—— cuble wave ‘
J=—— Parabolic wave °

< Triangular wave

<——— Sinusoidal wave

05 --=— Square wave

0 L

Figure 35. Ratlo of amplitude of motion to heat developed
in the suspending fluid per oycle, as & functlon of waveform,

in an instructive graphical form.

-
~

From & viewpoint of convenience, the triangular wave

. 1s probably the best, It must be recalled that the path of
the partiole will be "parabolic" in & “triangular® field, i.e.,

“ 4t will look like the n = 2 curve in fig. L. L
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Referring to eq. (11), that A = uE/w, the following question
may now be ralsed: If the amplitude of the motion needs to
be doubled, should the frequency be halved or the amplitude

of the eleoctric flield be Aoubled? It 1s easily seen from _ __ ...

the relation for the heat developed per cyéle,'oq; (22),
that halving the frequency doubles the heat, whlle doubling
the amplitude glves fogr times the heat, Thus the frequency
should be halved. Bub the same consideration may be applled
repeatedly, resulting in the following set of thomization
rules:

1. The frequency should be made as low as posslble.
The lower limit is detgrmined by the requirement that the
particle migrate "papidly" about a "slowly"'drifting origin,

2. The electric field should be raised to give the
desired amplitude. '

3. The waveform should be triangular or slnusolidal,
with triangwlar giving 17% less heat per cycle than sinusoidal.

L 4
A



«78
F, Conclusion
The phenomenon of AC electrophoresis, found by chance,
has been pursued tb the point where quantitative measurements
of mobility are éoasibla. Measuremonts agree moderately well
with published @ata. - To fully realize the potentiai'accuraoy
or‘the AC electrophoretic measurement, compensation for AC
electro-osmosis must be introduced. This refinement should
be possible with avallable theory and is the next step in the
development of this method into a useful quantitative technique.
‘ Although somewhat premature, a tentative comparison of
AC and DC microelectrophoretic techniques is now possible.
It 1s true that the AC method is drift-free, but Improvements
in the DC method, such as an all-enclosing, temperature-regu-
. lated, water bath, have obviated drifting to a large extent.
However, the AC method, as propgsed here, dqes have two fea-
tures of potential worth: First, measurements are made on
many particles simultaneously, which is an unqualified virtue.
Second, the highef particle velocities and gcéelerations in
the AC technique may elucidate surracé‘properties whiech cannot
be resolved by the relatively slow drift in a DC field. ' For
example, 13'.13.11&""3 suggests that the loosely bound surface layer
" of water on a particle may partially be ripped off by a rapid,
alternating migration, leading to a change of mobility with
frequency. So one properly may conclude that AC oloctrophor; -

esis is fertile ground for more work.

/

. MBI%, 0.3 Ref. oit,
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Although the amplitude of alternating migration falls
off as §* (see eq. 11), its presence at high frequencies
should be detectabls, at 1oaat.1n principle, by dielectric
measurementsuh. If the volume concentration of 1.17u (a1am.)
particles is ~30%, a dielectric dispersion will occur whose
characteristic frequency is ~3 Mc and whose magnitude is ~1
dielectric unit. This increase of € with frequency may be
called a "negative dispersion," since it is the only known |
case of € increasing with frequency. :

There is no reason to belleve that Ac-eleotrophdresia

at radio frequencies should have ahy biological significance.

uhSohuan. H.P., Sohwarz, G., Maczuk, J., and Pauly, He: On
the low-frequency dielectric dispersion of colloidal particles
in electrolyte solution. J, Phys. Chem., 66, 2626, (1962).



VI, ORIENTATION
A.Introduction and theory

If a sufficiently strong AC fleld is impressed on a
single, non-kpherical, micron-sized particle polarizable 1#
its suspending fluid, the particle may show a preferred ori-
entation in the find. When the field is removed, the ori-
entation will become random again., Thus the phenomenon of
orientation may be described as a competition between electri-
cal orienting forces and thermal randomlzing forces. )

If the frequency of the applied field 1s low (order of
1 ke¢), non-spherical, colloidal particles and poly-electro-
lytes may give evidence of orientatign at relatively low field
strengths. This phenoménon is the result of the movement of
nearby counter ions in response to the individual alternations
of the fleld polarity k5 - L8 . The counter ions are moved
tangentially with the applied fleld, and a polarization of the
ion atmosphere and an induced electric dipole moment of the
particlé result, /Orientation of the pgrticle’occurs to a de-
gree permitted by the ‘frequency, since’higher frequencies give

less time for counter ion movement. In the Mc-range of fre-

hsL‘.‘»chwarz, G.$ 2Zur Theorie der LeitfHhigkeitsanisotropie von
Polyelektrolyten in Lbsung. 2. Physik, 145, 563, (1956).
thisen, M., and Schwarz, G.: Orientation field effect of poly-
electrolytes in solution, J, Coll, Seci., 12, 181, (1957).

u70'Konsk1, C.T. and Haltner, A.J.: Electric propertles of
macromolecules I, A study of electric polarization in poly-
electrolyte solutions by means of electric birefringence,
J, Am, Chem. Soc., 79, 5634, (1957).

l‘8Schwso.rz, G.: Uver die Dispersion des Orientlierungsfeldefl-
fektes von Polyelektrolyten in hochfrequenten elektrischen
Feldern, 2, Physil, Chem, (Frankfurt) 19, 286, (1959).

w80
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quencies of priqary interest in the present study, this phe-
nomenon can be hoslected. ‘

A striking dgmonatration of orientation at high fre-
quencies was recently made by Toixeira-rinxdug, who subjected
the protozoa Buglena (a flagellate) to an AC field (~20 Mc). .

' The Euglena, free to "swim," were observed to move either
parallel or perpendicular to the electric field, depending
on the frequency of the field, ' No theoretical explanation
wag given for the movement in preferred directions or for
its frequency dependence, However, the effect can be ascribed
entirely to an orientation phenomenon, as the Zuglena, by
vaving their flagella, would move in the direction in which
the field oriented them.

The present state of orientation theory is one of in-
completeness. That a torque may exist on an ellipsoid in a
field is well-known. Strattonso, for exahple, treats the
electrostatic case of perfect dleleciric mediq and shows that
'ai;ellipsold whose major axis is oriented a}long the applied
field is in stable equilibrium, and that the"eqﬁilibrium ps-
sitions of the minor axes are unstable, However he does not
include particles with signlificant Brownlan motion.' Another
more general theory, treating lossy dielectric ellipsoids in
an AC field has been reported by Ogaw 51. This theory also

49 pesxeira-Pinto, A.A., et. al.: Ref. oit,.
50 gtratton, J.A.1 Ref. oit., p. 215.
5losawa. T.s Measurement of the electrical conductivity and

dieleotric constant without contaoting eleotrodes. J., Appl,
*  Phys., 32, 583, (1961). ‘ | '
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treatp'largo partiocles only, but it does show that orienta-
tions other than that parallel to the electric field may be
stable, Saito and Sohwarzsa have made considerable prosress ’
in an;lyzins the mont 5onora1 case of the orientation of lossy,
micron-sized particlas. One tentative result, calculated in
response to tha'experimental observation that orientation
and pearl-chain formation seem to be related (fig. 36 ), agrees
with these observations. The theory implies that the ratio
of the threshold field strengths for these two.effects should
be primarily a function of the eccentricity or'the particle,
If this relation is true, then the much more complete analy-
8ls of the threshold for pearl-chain formation (séction VIiI)
may contribute to an analysis of the threghold for orléntation.
| At this time, there 1s no completely adequate theoreti- '
cal treatment for orientation of general, thermally-active
particles in an AC field. All that can be sald 1s that align-
ment in a particula; orientation with respect to the fleld
direction will tehd to occur if the electrical energy loss
due to alignment, -alU, 1s roughly comparabi; to the thermal
eneréy, XT. The probabllity dgnsity, p, for that orlpntation
corresponding to a change of energy aU, will be ’

p~exp(-ﬁ-) (1)

Thus a suspension of many such particles will exhibit a Boltz-

mann distribution about some preferred orientation,

525a1to, M. and Schwarz, G.: The threshold for the orientation
of a particle., Internal report of the Dept. of Biomed. Elec~
tronic Eng., Univ, of Pa, In preparation for publication,
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B, Experimental results .

Good quantitative data on non-spherical particles re-
quires that.the particles be as uniformly alike as possibile.
Inorganic particles fulfilling this requirement were never
found, so that the bacterium Escherichia coli became the oan-‘
didate of choioe53. This bacterium is approximately & Pro=~
late spherold, with major and minor axes of about 1,2y and

. 0.6n, respectlively. It safely may be suspended in physio- -
logioal saline or in distilled water, but in the latter,
salt will leak out through the membrane and the rigid cell
wall., The E. coll used for these measurements were in dis-
tilled water, whose final (after leakage) resistivities were
measuredsu to be between3’ x 104 and 3 x 105 ohm-cm, depending
on the number of resuspensions (washings) in distilled water.
In view or the electrode polarization measurement in fis.lu,
theee "high" resistivities plus the use of a minimum frequency
of 500 ke for quantitative measurements preclude any polari-
zation difficulty. o

-

At any given value of field stréhgth, the orientation
about the preferred direction is given by an exponential/
distribution functlion, as in eq, (1). Then, to say tﬁat at
one fleld strength orientation is not evident and at a slightly
higher fleld strength it 15,‘requires & personal Judgement,

The diffliculties inherent in such subjective measurements

53kindly supplied by E.L. Carstensen, U.S. Army Blologloal
Laboratories, Fort Debtrick, Frederick, MaA.

Measurements were made on & General Radlo Impedance Bridge.
* type 65°-Ac e .
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. are manifold, However, it 1s obvious that random orientation -

e ——— ‘

implies the ability to rotate and that firm orientation im-
plies the converse, 8o one is able to equate the apparent
onset of non-rotation with the threshold for orientation.

The small size of E, coll i1s a further ald, since, as vill
be shown in section VII, these “particles" display an abiliti ,
to rapidly (vl sec) reach a neﬁ equilibrium after the field
strength 1s chansed.’ Therefore, there is relat1§ely little
diffioculty to determine a consistent value for: the threshold

(+ 5 to 10%).

1., Direction of orientation

E, coll would always align with their major axes parallel
to the electric field, Frequencies were used between 1 ko
and 100 Mo with no effect on this orientation. The threshold
field strength was definitely a functipn of rrequpnoy,‘howéyer.

2. Threshold field strength
Figure 36 shows the threshold field strength for the

orientation and for the pearl-chain formgtizn in E, coli. The
constaney of the oréinate gseparating these curves is équiva-
_lent to the statement

E,,, (for p.c.f.)

Eyn (for orientation) = Er (2)

where K, = 2,60 + 0.31, or & variation of +12%, well within
the experimental error. That K, 1s so stable, even with the
pronounced frequency dependence shown in the thresholds, is
strong evidence for a theoretiocal link betweqn these two
phenomens.. An'oxplanation for this frequency dependence
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may be possible by obmbinins the orientation thoory of Saito——
and Schwarz with the available dielectric ma.auremeryt/s of
E. ‘001155 « This analysis has not yet been carried out.

’r

SSF‘ri.c)ke, H., Sehwan, H.P., Li, K., and Bryson, V.: A dielectric -
study of the low-conductance surface membrane in E. ooli,
Nature, 177, 134, (1956).
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C. Conclusion

Orientation of the major axis of E. coli ﬁés~bo‘n ob-
tained only in the direction parallel to the electric field.
However, both the experiments of Teixeira-Pinto and the theory
of Ogawa give reason to believe that other orientations are
possible, The emerging theory of Saito and Schwarz may help
to clarify the thresholds and directions for orientation .and
may be heiprul in designing sulitable experiments,

A close relationshlp has been demonstrated for the
thresholds for orientation and for pearl-chain formation.
In particular, orientation has been shown to occur for a field
strength that is 2.6 times lower (or for an.incidenx power
density that is ~7 times lower) that that required for pearl-
chain formation, For this reason alone orientation is of
more blological interest than pearl-chain formation. . But there
is another reason: The histological prerequisites for orien-
tation are much easler to. satisfy than those for pearl-chaih
formation. It 1; much easier to imagine a gihgle particle or
even a part of ﬁ particle being orienéed than it is to lnagine
a collection of freely moveable particles forming into chains,
This idea will be expanded upon in section VIII, following

.|the gection on pearl-~chain formation,



VII. PEARL-CHAIN FORMATION

A, Introduction
' VWhen a suspension of micron-sized particles is exposed .

to & aurtioionxiy strong AC field, the particles arrenge them-
selves into lbng chains, resembling strings of pearls, The
chains brnak.np vhen the field is removed, Brownlan motion
restoring the random distribution of particles. The phenom-
enon is known as pearl-chain formation and may be thought Qr
a8 a competition between an "ordering force" of electrical
origin and a “randomizing force" of thermal origin.

Pearl-chain formation vas first reported by Muth in
192756. Vorking with emulsions of fat particles, he observed
the phenomenon in the presence of high-frequency fields, A
- theoretical apalyais_was undertaken in 1936 by Krasny-Ergen
57-59. Althoush his treatment was limited to the case of ‘
perfectly conducting particles, it will be shown here that
hls methods had sufficient potency to be extendable to more

complicatéd cases: Pearl-chain formation of red blood cells

S56yuth, E.: Uber die Erscheinung der Perlschnurkettenbildung
von ZInmulslionspartikelchen unter Einwirkung elnes Wechselfeldes,
* Kolloid Z., 41, 97, (1927). S '
57Krasny-Efsen, W.: Nicht-thermische Wirkungen elektrischer
?chw%?gungen auf Kolloid, Hochfreg, u, Electroak,, 48, 126,
1936). - ‘ '

'SBKrasny-Ersen, W.: Zwei leitende isolierte Kugeln in homogenen
elektrischen Feld. Ann, der Physik, Ser. 5, 27, 459, (1936).

59Kraany-Ergen, W.: Der Feldverlauf im Bereich sehr kurzer
Wellen; spontane Drehfelder. Hochfreq, u, Electroak., 49,
195, (1937). ‘ . :
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was reparted in 1937 and 1939 by Liebeanyéo’él. Following
a mention of the phenomenon by Rajewsky in 1938, 1ittle
was heard until 1958, when inoreasing use of microwavo energy
spparently stimulated a resurgence of interest. In that year,
Herriok®3 made numerous qualitative observations; and Schwanéu,
after reviewing Krasny-Ergen's‘progress in analyzing the effect,
restated and extended the theoretical premise of a dipole-di~
pole interaction as being responsible for the attraction be-
tween particles. Furedi and Valentine made the next attempt
at a theoﬁj after making numerous qualitative observations65.
Thelr theory consists only of the derivation of an expression
for the dipole-dipole force between lossy dielectric pgrticlea
in an AC field. Unfortunately, it gives only the vaguest in-
dications of chain forﬁ;tioh. Their expérimental cell is Very
primitive And it gives no more than a (meaningless) yes'or‘no
for pearl-chain formation.

Most recently, Saito, following the excellent lead of

Krasny-Efgen, coﬁpleted an exact analysis q;vpearl-chain fore

Eaiiebesny, P.: Referate u. Mitteil. Internat. Kong. f. -
Kurzwellen. Vienna. 1937.

- 6lp1ebesny, P.: Arch. Phys. Ther. 19, 736, (1939).

62Rajewsky, B.$: Ultrashortwaves in Biology and Medicine.
Georg Thieme, Leipzig. 1930.

63Herrick, J.F.: Pearl-chain formation. Proc. 2nd Ann. Tri-Sepr-

: . vice Conf. on Biol. Effects of Microwave Energy. July 8=-10, 5958.

6L
Schwan, H.P.: Biophysics of Diathermy in Thera eutic Heat.
Ed. by S. Licht. Licht, New Haven, Conn. 1954,

65puredl, A.A. and Valentine, R.C.: Factors involved in the
orientation of microscoplc particles in suspensions influenced

by radio-rrequency rields. Bioohim. et Bioghxs, Acta, 56, 33,
(Jm.)! (19 )
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mation for the case of perfectly conducting spheres in a
pure dlelectric medium (the case which Krasny-Ergen started
to analyze), and for the pure dielectrioc case66. He also
developed an approximate theory for this latter case which
has the virtus of giving the threshold field strength ina” 7T
simple, closed analytic expression (eq. 10). The error of
the approximation is analyied by a comparison with the exact
theory and is found to be less than 20% (in terms of energy)
unless the dielectric constant of the particle greatly ex-
ceeds that of the medium. An extension to this approximate
theory, for the case of lossy dielectric media, has been '
made by this author, following some preliminary work in this
direction by Saito. Approximate results for the transient
behaviour of pearl-chain formation have also been derived by
Saito67. | : t

In the following section of this dissertation, Saito's
results are summarized, after being rela ted to Krasny-Ergen's
work. The extension to lossy dielectric megia is then pre-
sented in detail, Measurements of the threshold for pearl-
chain formation are summafized and are shown .to validate

Vd

the foregoing‘theory.

-

Saito, M.: A model for pearl-chain formation. Internal re-
port of the Dept. of Biomedical Electronic Eng., U. of Pa.
In preparation for publication.

67Saito, M. and Schwan, H.P.: The time constants of pearl-

chain formation, in Vol. 1 of Biological Effects of Microwave
Radiation. Plenum, New ¥ork, 1961.
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B, Summary of theory for pearl-chain formation

1, Perfectly condueting spheres in a dlelectric
medium-ﬁsummary of theories of W, Kraany-Ersense

and M. Saito 59

Although this case of pearl-chain formation has no bio-
loglcal significance, it is summarized here partly for histor-
ical perspective and partly as a relatively easy introduction
to the theoretical treatment. The methods subsequently are
appllied to the more complicated case of perfect dielectric
nmedia,

The choice of the two-particle model, illustrated in
fig. 37, wvas poésibly the most important step toward an anaiy-
tic treatment of pearl-chain formation. Application of en
electric field79 causes a separation of charges within the
spheres 1n such a ﬁay that the perturbation of the impressed
field, for each sphere acting alone, is the same as would be

given by a concen}ric dipole. However, thelr proximity dis~
| torts the perfect dipole fields and, necessarily, the energy,
U, associated with them. Since the spheres are highly mobile,
. they will tend to move toward a position which will minimize U,

It is convenient to spesk Of.AU, the change in U vhen
the particles approach (a negative quantity), rather than of
U itself. Kraeny-Ergen shows that this decrease of potential

68Kra.sny-Ersen, W.: Ref, cit.
698a1to, M.: Ref. clt,

7QA quasl-static treatment suffices, even at microwave fre-
quencies, because of the mlcroecopio geometry.
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energy due to the interaction lof the flelds surrounding the
two perfectly conducting spheres is given by ,
| AU = KE; (f cos® + g sin) (1)
where X = 4wea’®  (in MKS units)
dielectric constant of the medium

€ =
8,0 = as shown in fig. 1
E, = strength of the impressed electric field

and  and g are given as complicated functions of.r/a.

X2

13

Fisure}#. Two-particle model for pearl-chain formation, by
Krasny~Ergen., Spheres are perfectly oonducfins, medium 1s
perfect dlelectric, Origin 1s fixed at midpoint of spheres,

The separation of the two spheres can now be seen to
be governed Sy the‘Boltzmann Principle, This principle is
a seheral'léﬁ relaﬁins to the statistical energy distribﬁ-
.tion of‘larse numbers of minute particies subject to thermal
agitagion and aoted upon by a magnetioc, an eloct;io, or &

gravitational field, or by inertia.  In reference to fig.36,
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it says that the probability density, p, for finding & sphere

at & distance r, when theé system is in statistioal equilibe
rium, is given by o ' ”:. o
p ~ exp(-aU/xT) - .ﬁ _ (2)

Here AU = AU'(r)' is the increment of potential energy sqrf'ered“
by the particle pair as théir separation changes from "oo
to 2r, k ls'the Boltzmann constant and T‘is the absolute
températuref Although this principle was used by Krasny-
Ergen for quaiitative purposes (as far as eq. 2), he did T
not apply it quantitatively, and his -contribution essentially ,'
stops at this point.

Saito now continues the development by ocalculating the
mean value of the separation, i.e.. the mean value of the .
separations of many sphere palrs, the(general sphere pair
being 1llustrated in fig.37.. To calculate this wvalue, itlis
neceseary to use the distrivution of separatiops (eq. 2).

The mean separation is shown to be given by .

Fallorar - (3)
S ffpav )

vhere the volume of integration 1s a sphere centered at the

origin, with radius equal to R, The value of R is the average
disﬁance from the origin that the next éphere (other than the
tw5 in the model) will be found, It is related to the volume

concentration of spheres by the approximate relation

Concentration = 7%%(%; : | (4)‘

. Thus the two-particle'model has been related to an aoctual

volumé concentration of particles. Eq. (3) 1s evaluated m-

merically, with the results presented in fig.38.

i e+ sttt

—_—
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Flgure 38. Normaliied mean distance between perfectly conduc-

: ting spheres, showing concentration effect,

The abscissa i1s the

energy change, measured in units of kT, which would ocour 1f

the two spheres came completely togeuher in.the direction

parallel to the fleld.

Thus Ko =

calculated from eq. (1).

au

kT |o=0°, r=a
The use of K, 1s Just a way. of

, where AU 1s

normalization and does not imply that the ‘spheres are actually

coming together or even moving.

dition of contact between the spheres,

Note that ¥/a

= 1 is the con-

indicate the threshold values (see following text).

Dots on the curves
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'Fisuro 38 shows that for & glven volume concentration

of pa.rt!.olos.., the mean separation of a particle palr decreases
as the field strength inoreases (E,~K,). The theoretical
definition for the threshold of pearl-éhaﬂ.n formation is a |

logical consequence;

: =3 (e * Elea)
& |threshold _ 2 max & imin

- (3. ) )

The threshold value of mean separation ie indicated in fig. 38
for each of the four concentrations shown,

It can be concluded from these calculations, using the
prgposed d‘eﬁnition for the threshold.v that

(a) the onset of p'ea.rl-cha.tn formation takes place vhen
AU 18 about one order of magnitude greater than kT; '

(v) hisher particle volume concentrations do lower the
threshold, but only by a small amount, '

2, Perfect dlelectric spheres in a perfect dlel-

ectric medium--summary of theory of M. Saito

The major new concern in this case 18 the need to cal-

-oculate the decrease of potential energy associated with the

electrical interaction of two dlelectric spheres, a result
analogous to eq. (1). The model is shown in fig.39 .
It can be shown that the decrease of potonua.l enorgy

has the same rom a8 eq. (1)3
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AU = KEJ (£ -co8% + g sin’) , (6)
vhere K 1s a function of the dieleotric constants ¢ and €,
of the particle and medium respectively and f and g are
funotions of r/a, € , and €,, The problem is thus to deteér-
mine X, £, and g as funoctions of r/a, € , and €,, 'The pro-
cedure is to solve the field distribution for the two separate
cases 0 = 0° and 0 = 90° and to use the solutions to evaluate

eq. (6) for each of those two cases, Since Kf = AUl°=oo and

Figure 39. Two-particle model for pearl-chain formation with
all dlelectric media. ‘ |

[
\

Kg = AUle=9oo , the result of this procedure is to have X
and Kg, leaving k, § _and 4 undet_ermined to within a constant
factor., The factor is found by treating the simplest case,
that of ,' € = €,, by a special method to be discussed in the-
next section, the dipole-approximation method,

| ‘The solution of 'phe fie6ld distribution prodlem is based

' on an elementary principle that if all the induced charges at

.the surfeces of the spheres are regarded as the sources of the
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field, then the field can be calculated in the same way as
if these charges were located in a vacuum., So it is aoctually
the induced surface charge density which is regarded as the
wnknown, The detalls of thls lengthy solution are available
from the original paper of Saito. -

Analogous to the previous case, the results of the
nunerical integrations of eq. (3) may be presented in graphie
cal form, Figure 40 aﬁowa the results only for one éoncen-
tration, similar families of curves (avallable 'in the original
paper) being necessary to describe the relationships for
othexr concentratlons. -

The followlng conclusions may be drawn from the curves
in £ig. 40 : |

(a) The onset of pearl-chain formation takes place wvaen

- AU 18 about one order of magnitude greater ‘than kT, unless

¢, > &,

" (b) Higher particle volume concentrations lower the

" threshold, but only to & minor extent (this“®conclusion drawn

Arrom the ourves for other concentrations which are not in- '

cluded here). _
(o) Higher values of ¢, /¢, lower the threshold. a
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- Figure 40, Normalized mean distance between the spheres,
~ showing the effect of the ratio of dlelectric constants, —:: .
'The abscissa K, = ay » Where AU is that expression

kT j9=0°, r=a .
found by neglecting the interaction between the spheres (see

_next_seotion on "dipole spproximation,® eq. T and 8).0 The

ourve for ‘-/c,n 1 was calculated from the "dipole approximation®.-
theory (eq. 18), not from the exact theory (eq. 6). This
curve represents the hypothetical case in which the spheres
. are indistinguishable from the medium and hence require an
_ infinitely large applied field for pearl-chain formation

(note in eq. 8 that finite K, corresponds to infinite B, if
6,=¢ ). ‘And, by virtue of the ul\mpti’onl in the dipole’
approximation, .‘ 1% also represents the ocase that'th'o divole"
£1elds of the spheres do not interact (of. fige 41).

‘:"

'.. oL,

-
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25 FPerfect dlelectric smereé in a perfect d:l.ei-

. eotric mediums dipole approximation--summary
of theory of M, Salto . |

The dipole approximation assumes that the dipole field
surrounding each isolated 'aphera persists when the ephores
are closely spaced. The model is the same as that in fig. 39.
By negleoting the interaction between spheres, the theory not
only is immensely simplified but 1t leads to a simple closed
analytic expression for the threshold field strength. There-
fore it 18 of interest to know by what amount the dipole
approximation differs from the "exact" theory above. The
dipole-approximation theory will be sumnmarized briefly and
the error of approximation discussed. |

According to the assumption, the two spheres are pro;-
ducing dipole fields independently. . Then AU may be equated
to twlce the potential energy of one dieleotric sphere in the
(inauced) dipﬁlo field of the other. -There results

~

AU = xokm(gf Pycos 8) . ° (7)
where : - = Ag']
. "o = up 0=0°, r=a
.
= sf € ~ € £a
Ko MBEO(G.'O-gG‘) T LY

Substitutins eq. (7) into eq. (3), the mean separation can
be computed to be that shown in fig. 4l .

\
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Pigure 41. Normalized mean distance between the spheres,
“assuming no interaction., The abscissa, K;» again 1s used n‘
'a way off normalization: From its explicit value in eq. (20)

(with asterisks removed for this case), it can be seen that

the valug of the dielectric constant ratio, ‘c/e, s changes

the relation between K, and B2; but as a funotion of K,

these ocurves are independent of €/e, . Thus, as & result

of the "dipole aﬁproximtior\x}' these ourves, unlike those in

£ig. 40, are independent of i:hq dieleotric constant ratio.

. e
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It 1s ;;u:.t.nblo to point out here that pearl-chain fore
nation 1s Juit. another manifestation of the forces in inhomoe
geneous fields. In the present case, each particle ructs'
to being in the dipole (inhomogenecus) field of 'thé other, .
The energy associated with this' reaction, AU, 1is just the
integral of the f_orce with which they come together, ,

The vali@it.y of the dipole approximation is illustrated
in fig. 42. The curves for other concentrationa are very
close to the cui've gshown, and therefore are omitted, It
may be conoiuded that the dipole epproximation is eo.f.iaractory
except for the cases in which €,>>¢€;, '

A simple tormula for the threshold field strength, Ef.h'
follows dirﬁotly from eq. (8):

= Kth .i G+2€3 .k_?_ | '
B T )

Here K.\ is the value of K, at the threshold points indicated
by dots on the curves in fig. 40, It is not & very strong

function of concehtration, and with an error not greater than
10%, may be taken as 9. Thus eq. (9) becomes & useful approx-
imation for the threshold field strength for pearl-chain for-
mation: ’ g

mth=17a%-§e£."_ée.§."= kT ' ' ‘(10)
. ] o
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Figure 42.' Comparison of' threshold fleld strengths predicted
by ‘bxact" théory (dotted 1lines) and by "4ipole approximation"
theory (s0lid lines)., Ordinate is proportional to square of
threshold field strength. " - o
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4, Lossy dielectric spheres in a lossy dieleotric |

medium; dipole approximation--revision of
theory of M. Salto ' "

An approximate formula, annlésous to eq. (10), has been
derived for the more complicated case of lossy dieleoctric media.
Unfortunately, the exact assessment 'ot" its validity requires a
large computer and has not yet been done., However, since fig. I
42 ghows that the dipole approximation is sati atag'gqryv except™
for cases of € >>€,, it can be hoped that‘similar validity will
prevall here except for cases of 1€ »l€f}. ' ~

It 1s assumed that spheres A and B (refer to fig. 43)
are producing dipole fields independently’l, Then the poten-~
tial energy f.saociated with the presence of sphere B in the di-

pole field of A is given by (ef. section IV, eq. 1)

1 ot € o~ ' |
AU = 3 Re Gl(l - -c—:,) (E1 . EA) dv ' (11a)

where V = volume of sphere B
e,', e: = complex dielectrioc consta;nt.s of .sphere, medium
| E, = effective (r.m.s.) field inside sphere B
EA = effective value of the dipole field from partiocle A
.which ie impressed on pé.rticlq B (sufricieht separa=-
" tion 1s assumed to provide the hecessary local homo-
geneity of E,)
™ = complex conjugate ‘
But the ﬁotent.'ial energy associated with the presence of sphere
A In the dii)ole ‘f1eld of B has the same value; Therefore,’ the

total potential energy assoclated with the interaction of A and

. 71'rhat is, the presence of the pre-existing homogeneous field,
Ey, has been disregarded, since 1% 1s manifest to the spheres
only  through the oreation of dipoles. : .

‘ !
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B is just twice t.luf. given for one spheres

AU'R.‘LL o 1-8 )(s, £,) av

Then Ei is 51von by (eof, section IV, eq. 2)
. 35
= - E
E ¢ +2¢ ©
it VA is the potential of the dipole field of A,

. *
€ - ¢ a’ E. 8080

VS- .
AS . 2e ° ()% .

+y B

(11bv)

- (12)

(13)

Figure 43, Two-particle model for dipole-approximation treat-

ment of the pearl-chain formation with lossy dielectric media’

’ | >
9V _ 5 .f.-_:.__ 008 0
Bpr = o(2r) &'+ 2¢€; (2r Eq cos

: 1 oV 5-' E
A0 = 2r de s 26,_ 21')

(14)

(15)

Now having expressions for the two electrio Tlields in eq. (11),

each can be resolved into components along the x and y axes

and the dot product taken:
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» . ~y
E .E - ‘ e.-e‘ -
17 FAF ?%_;E:E AT 2r) (1 - 3 cos’s) (16)

Substituting this expression into eq. (11), and making the -

necessary simplifications; there results

] G*— é: 2 ~y
AU = m 38 (5m .(1 - 3006'0)(1‘,5“) (Re €) (17)
from which
= 4m3n§( ]:;;G] (1 - 3c08%) = (18)
2 :

By definition, K is the energy lost in the complete
longitudinal alignment of two spheres € in medium e, » in
units of kT, That is, -

K, kT = -AUlezo,’ e (19)

the minus sign being used because of the use of the term
"eneréy lost" rather than "energy change." From eq. (18) and

e~ 6; ’2

kT = wa’ E° el
o "2 €+2¢

’ P

At the threshold for pearl-chain fomation,'eq. .(20) becomes

ef— ¢ |2 :
Ky kT = na> Ethz €*+2; l . /(21)
‘80 that ¥ * |
8o tha B2, = E&h 53,_9_.".‘._%_51’2 kD ‘ (22)
. E hand 2

If a value of xm = 9 is assumed, similar to the last. 0880
of perfeot dielectrica (eq. 8), then

By = 1.7 a. G : iil .‘/M (23)

which 1 the final result, Note that eq. (9) is & special
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case of eq. (23). Equation (23) together with fig, 42is

the best avallable estimate of the theoretical threshold field -
s'trongth for pearl-chain formation with lossy dielectric media,

5, Graphical presentation of divole approximation
for threshold field sirength--extension to:

theory of M, Saito

Although eq. (23) relates E,, to frequency, the form
of this relation is hldden in the algebra. It may be eluci-
dated with the following graphical representations of E.y as

¥

«
& funotion of -g:,-,and _g.‘.,. as a function of w,
3

If eq. (22) 18 mw;itten, letting Kth“’ 9, then.
B, = 2.9a° rE S - (24)

vhere ¥ 2

Y (és)

n
)
+
N
m

’

Alternatively, « 2 ‘ | .

¥ = |St—— . (26)

- , |
By letting —% = x + 1y, 1t follows that ' (27)
. € ' .

d
Y= lx+2+1x 2

28
X-l+ly (28)

or
2 : -
. Te2yC L 2 Y
(x o P4yt = (79—1—)-; (29)
Any one of thia family of circles, shown in fig.44 » with

)
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center at (?—f 0) ana radiuo oqual to 1—‘@ represents
the loocus of all values of —i~ for which Y (or Ey,) is &
constant!? (The relation bet.woon Y and E, 1is given in eq. 24)

Although only the right half plane in fig.44 corresponds
to physical reality, the family of circles is shown to extend
elightly into the left half plans. But all such circles,
corresponding to 1< Y<4, are at least partly in the right
half plane where their meaning is clear.

If media 1 and 2 are such that €, €, K, and K, are
' frequency-independent, then the variation of -—e-e;- with fre-

_quenocy is easlly established: .

(a) The variation of e —=- in the oomplex plm is alwa.ys
a semioirole starting and ending on tho real axis.

(b) The function + assumes & value which always travels
clockwise around the aemicircle as o 1noreaaes- the ends of"
the semicircle correspond’ to the values of —- e' at zero and
infinite frequency. Y ' .

(c) Ab @ = O, e,:-%i-,andatm:ag,‘%zg;,
(d) The central angle, 9o, generated by the clockwise
movement of —g-‘;- is rolated to » by the relation , -

tan 0/2 = a)Ta : (30)

" where T, = -e-.“-f-f . 'J.‘lfxe msoribed ahsle sonorato& in the same

1
way 18 glven by‘ ten & = ofy ' (31)

of cour'se,-*;;o = 2 by simple geometry, An example of the
use of these rules and relations is given in fig.45 .

T21¢, 14 assuned here that e,, is a comtmt--oortunly tmo tor
' o.quoo\u medis for £< 3000 Mo, - .
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w=00 : 7020
L L& |

. ]

.o-'f;tlncv
L , or
@ o-‘!;tm%

ii;ur§>h$. -An exnmplo or ‘the aemiciroular dopondonoo of —= G'
. on frequency. It is assumed that K /K, =L, and€/¢, =1, tho
_four separate parameters being frequency-independent. Using
only these data and the rules.(u) through (d), the above |
'lqﬁloirbio may be .drawn immediately. Note tﬁnt one decade
of change in w , centered about the value W = 1/'1'2. fs suf-
ficlent to drive 8 over almost the entire semioircle.. If the
K 's and €'s vn?y with frequency, & curve may still be Artun.
"~ although 1t will no longer be & simple semioircle. However
1t often may be suffioiently .1mp1. %o that the graphical

4 *

 method Will still be useful; - . . il
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The results in £ig. 44 and fig. 45 may now be combined
as & graphical method for evaluating E, vs. o from eq. 23,
Equation (24) shows how Ey, varies with Y, Figure 44 shows

v

how ¥ varies with -5‘-.:- . And fig, 45 shows how -%- varies
with o for a given pair of materials, The method works most
easlily for substances whose conductivities and dlelectric
constants are frequency-independent, so that -E% ve. @ i8 &
semi-circle. Superposition of the semi-ocircle onto fig. 44
then gives & series of intersections which relate Y to o, or
Eiy to 0. An example of this method is shown in fig. 51 apd
its related text,

For substances whose conductivities and dlielectric
constants are functlors of frequency (in the frequency range
of interest), the method is a little more cumbersome. The
£
€
superimposed onto fig. 44, Intersections again give paired

ve. ®, no longer & semicircle, must be

values-of ¥ and 9, but now eq. (24)'must be used in the con-
version to paired values of E.), and w. .
, , T

@ P
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- & Time coﬁstants--aummary of results of M. Baito73

The roroéoing theory tacitly has assumed that only the
r.m.8, value of the applied field has an influence on the '
threshold., The position of a particle was described in terms
or r and 0 but not of ¢+ (time). By assuming this statistical
steady state, the threshold field strengths found were func-
tions only of the r.m.s. value of the applied field. Hovever,
& pulsed field and a CW field with the same r.m.s. value may
have different e.f.tects on pearl-chain formation. To analyze

this' possibility, the position of the particle also must be

SR

consldered to be & function of time., The statistical stea
state-is replaced with the statlstical transient state,. giv-
ing the pro'ba.bilit.y density for finding a particle at a given
r and 6 as & function of time. . In particular, the total time
necessary for two particles to go from randomness to pearl-
chain formation (or vice versa) is caleculated and is called
the time consté.nt for these particles.

Thé time constants are calculated ror” two cases:
(a) For zero field strength, and (b) for weak field strengths,
not greatly exceeding Eth‘ The meaning of the time constant
5 for Eo<Et.h is the time necessary for pearl chains oompietely
" %0 break up, and for E°> Ein» 18 the time necessary for pearl
chains to form from & completely random dlistribution of par-
ticles. .

738&11'.0, M. and Schwa.n, H.P.: The time constants of pearl-

chain formation, in Vol, 1 of Blological Effects of Mlorowvave
Rasdiation. Plenum, New York, 1I961. 1v is being prepared for
‘pubiication in detail, .
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The results of these caloulations for 7 , the time
oonstant, may be sumarised as follows:

v~ad  (as= radius) s for all B,
= constant » for B, B, (3la)
2 :
~ EO » for E°> Eth

" The transition of ¥ from the constant value to the dopoﬁdo'noo

on E;2 oocours at about the threshold field strength for pearl=
chaln formation, Eg. The actual caloculations for the depen=~

dences, especially for E °> Bth' are subject to large errorse~-

even approaching an order of magnitude--so no values will be
stated. More exact values for large field strengths must
awalt computer solutions. For ze-ro field, however, the de-
pendence on size has been caloulated with tniriy good accur~
acy (probably not more than 108 in error): At room tempera=-
ture for a volume concentration of 1 .6$, the time constant '
for a particle of 1y radius is 2.2 seoconds, and, as -tutod
above, it varies as the cubo of the radiul.

It must be emphasized that these ruulto are at leut
as approximate as the definition of the . time constant itself,

. vy
i .
by e
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C, Experimental considerations
1., Definition of experimental threshold

The cholce of & criterion for establishing an experi-
mental threshold for peafl-cha;n formation was limited by two
. conastraints: The criterion had to be experimentally feasible;
. and it had so-to relate to the theoretical definition of thresh-
0ld that a good comparison of experimental and theoretical re-
sults would be possible. Examining the theoretical definition
(see.eq. 5 and fig. 40), it can be seen that K, varies by a’
factor of about 4 between maximum mean separation and contact
of the spherea, This variation implies (of. eq. 8) that E,
varies by a factor of about 2, So it 1a'likely that the ob~
served values of Eth will show & maximum spread of a factor
of 2, But e narrowér spread of data obviously would be de-~
sirable. .Experimehtal feasibility also demands a more refined
operational definition..

Posaible definitions of an éxperimental threshold vary
from the most maﬂhematically precise to a comflete dependence
" on undefinable inner feellings, the formei havins‘the advantage
of precieion, the latter of simplicity. Examples of the for-
mer type were those whose criterion was satlisfled (a) when a
fixed percentage of the particles were in chains--say 50% or
99%; (b) when the chalns exceeded & pre-estéblished desree.
of straightness, stralghtness being megsured by the mean
square deviation from & straight line; (o) when the average
length of chains exceeded a preset. number; and (d) vhen a
fixed increment of field strength caused the greatest pro-
1iferation of. chains, All of these ideas yould require “f“'
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ureménts to be made from numerous photographs. However, it
never Secamo possible to take such photographs, for the tech~
nical difficulties are formidable. Furthermore it was not
clear that such measurements would have more significance
than those .which could be taken by easier methods., 4s ex;
amples of 1nxerméd1ate criteria, i.e., those combining meas~
urement and opinion, were (a) the first appearance of 3-par-
ticlé chains which were "eorrectly and rirmly“'oriented wvith
the field and (b) the first appearance of 4-particle chains'“
aimilarly disposed. This kind of criterion combines the worst
features of the other kinds, so it was not seriouely consi-
dered. | . .
Finally, the threshold whose definltion depends entire-
ly on opinion was considered. It was decided that the sloppy
qualities inherent in this kind of subjective definition
could be reduced to a reasonable level if the opinion were
based on the following simple, succinct, operational definl-
tion: Pearl-ohain }ormation wlll b; sald to have occurred
vhen 1t first can unequivocably be sald that chain formation
has appeared out of randomness. Such a definition ia not
trivial., The conscientious experimenter, after hours of
trying to see the intangible threshold, will find that The
Definition is the only solid footing he has in a morass of
indecision and uncertainty. Thus simplleity 1s bought at the
price of despaif. To say when, with an overcast'sky, night
"hes turned into day 1a‘an equivalent challenge. To repeati

this decision assiduously hundreds of times, one either finds
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his principle or perighes,

- n—————

It is important to realize that although this use of _
an operational definition will definitely narrow the spread N
of data, the average value of an 1nfiﬁite nunber of measure-
ments stlill may not coincide with the theoretical value of
Eth' The reason 1s that there i1s no guarantee that the oper-
ational and theoretical definitions coincide, ‘One can only
presume that an improvement in the average value of the ob~
seved threshold has been obtained. However, if a frequency
depéndence is found in the data, 1t will be more clearly de-
fined than in the absence of thls operational definition,
For this reason, data could be sald to show or not to show

a frequency dependence of consequence even though the abso-

lute values wére slightly uncertain,

2, Difficulties in measuring the threshold
While experimental difficulties are lmherent in all

experimentation, those encountered here have such a direct

. bearing on the experimental results that some discussion may

be justified. Also a repetitlion or adaptation of this work
by another investigator would proceed more smoothly if the
various provlems could be forseen, The difficulties pre-
aented by making subjective measurements of the threshold:
are indicated above, so that issue will be omitied here.
Difficulties may be described loosely by the following

terms, A discuaéion of each texrm followa,
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a. Partiole size’ h. Elestrophoresis
b, Settling
¢. Slowness
d. Conductivity
e. False chains
b o Dioloctrﬂ.é pumping

g. Concentration

e er - et ——

&, Particle size

The threshold field strength varies with the radius of
the particle used according to eq. (23): Eyp,~ a.%. Thus
larger particles line up in weaker flelds., No such variation
in Et.h is encoﬁntered vhen the particles are as unifomly
graded as p;alystyrene spheres--hence their popularity. Bul
a significant problem arises in.emulslons, vwhich have a roughly
Gaussian dlstribution of particle slzeé. As the applied field
strength is reased, the large particles wlll give one threshoid
(low), the median sizes a second (medium), and the small pax“t.i';-
cles & third (high). In fact the largest sizes will usually
be all lined up by the time the field strength reaches the
threshold value for the median sizes, And they, in turn, will
be 1ined up when the smallest begin to react to the field.
However, if the field strength is ralsed so quickly that the '
median sizes are seeking partners before the large particles
have found each othe.r, then chains of mixed sizes vill occur,
An extreme case of these mixed chains 1s shown in fig, 46. '
Prevention of ;bhis phenomenon is simply done by raising the
field strength slowly and by using freshly diluffed emulsions,
But the variation of threshold vith size still must be consi-
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Figure 46. Pearl chainc ol pariicles with different slzes,
One larze nartlicle 1s canable c. ciiracting numerous coaller

S,

ones. Tne suspenslon is a ni 1l Glluted sillicone emulsion

in whieh coalescence acs occurred Lo nale very large particles,

Fresnly diluted emulsicngs do rnot nave time to cozlesce,

To get conslstent tiiresnolld values from an emul.ion

with e mixture of parvlicle sizes, tiie procedure found to bLe

s

most satislactory was to nmecsure the lenzih of a stralght

chain of the median (moct common) size and Lo deduce fron

()]

-

that, the nmedlan size., Subseguent observations would be cun-
fined to nortlicles of that size, larger slzcs being ignored.
Smaller sizes never would Torm mnearl chains, cince E vas linm=~
ited to the threshold value for the medlan size,

It 1s interesting to novc that the method of measuring
the length of & straicht chain in order Lo determine the

narticle size could also be applied to the polystiyreae sphere
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cage, for walch the answer was knowm. This measurement was
done twlece. A4t first the measurement of chain length was
made by visual comparlson with the calibroied eyeplece rot-
lcle. It was found that a cheiln of 11 particles was lonzer
than the sum of 11 dlametsrs, The differcnce divided by the
nunber of interspaces gave a space vetween "touching" sphercs
that was about 0,21y, which is 18% of one diameter. A secong,
more accurate measurement was made from o photographfzaof a
different l2-particle chain (fig. 47.). A space of 0.19n was

found between "touching' spheres.

Figure 47. 1.17p polystyrene spheres exposed to a 26 Me
electric fleld of 660 v/ci. A 1l2-particle section of one
chein 1s indicated., Scale of photograph: 1 mm = 1,234p .

7""I'ne scale on & photograph can be determined very accurately
by comparison with another nhotogravh, taken under the same
conditions, of a calibrated slide (2mm divided into 200 parts),
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/ If the chaln were not -exactly straight, the separations
found would be smaller than the actual average separation,
Therefore, if orookedness plays & part, it does 80 in the
"yrong" direction. In the absence of further work, several

explanations are possible: (a) The pearl-chain formation

" does not bring the particles into contact at this field

strength (which is about three times the threshold value);
(b) there is some form of "shield" or "shell" around the par-
ticles which prevents their closest approach; or (c) the par-
ticles are larger than 1.17u.

The first possidbility, (a), certainly has a measure of
validity. Fig. 40 shows that the spheres do not snap together
like'magneta but rather are forced into closer and closer con-
tact as the field strength increases, However, the two-par-
ticle model loses'its validity once chains have formed, 8o
no theory is available for estimating the mean separation in
this case., Possibility (b) arises from the presence of a de-
tergent whose vef& function is to keep the paiticles separate,
But the detergent layer probably does‘not account for the

‘whole 1000A-thick "shell." Possibility (o) is unlikely at best.

b, Settli

For particles greater than lp in diamotgr, buoyancy
forces sen@;u;;y are at least comparable with forces which

tend to maintain the suspension or emulsion (electrostatic

_repulsion, Erownlan movement). For example & silicone emul-

sion with 2p particles settles,vwhile one with 0,61 particlgs

' does not, Since 100p of settling is sufficient to cause

. most particles to rest on or near the bottom of the cell, :
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only a few minutes to about an hour are available if no anti-

settling procedures are used, Within this period satisfaotody

measurenents may be made in the bulk of the solution,

Two- means exist to preévent or retard settling and one to
1ive with it. Clearly settling may be prevented by inverting
the cell for half of the time, with a frequency which depends
upon the settling reté.. The method 1s not without its probléms.
however, as several particles will stick to the glass during
each period, until visibility is impaired. Ais_o measurements
cannot conveniently be made while the cell is inverted, which
is usually 5 out of every 10 minutes, The second means of

Glass

Fisure 48, Thermal convection currents in the suspending
1iquid., More heat i¢ produced near the wires (oross-hatched)
than in the bulk of the liquid because of field inhomogeneities.

_ retarding or even reversing settling is to force enouéh cur-
rent through the liquid so as to cause thermal oonveotvivo
stirring, 'as illustrated in fig, 48. Asain the method has

. faults, the primary one ;oeing 8 tendency for particles to

. acoumulate in the center of the bottomnglus. | There is &

way of making measurements, however, on & settled sample. It

- "
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is necessary first to clear up the dense packing on the bot-
tom glass.with a thermal convective stir, then to focus on
& plane just above the bottom glass where the Brownian motion
will kick enough particles off the bottom to maintain a fairly
concentrated suspension., One or another of these wethods was
regularly used for particles which settle.

It is noteworthy that if a particle is immobilized by

being stuck to the glass, pearl chains form on this particle

at slgnificently lower field strength than would ocour if it
were free to move. Theoretically this result is very reason-
able, since the normal competition between electrical "“order-

ing" forces and thermal "disordering" forces is blased in
favor of the former.

Some particles which were both large and heavy, such as

glass spheres or erythrocytes, could not be kept in suspension -

Tor periods exceeding & very few minutes, Measurements on
glass spueres were not made at all and on erythrocytes to a
minor extent (aﬂgther severe problem, "slown§ss," exists in
this case). '

| ¢, Slowvness

The procedure for determining the threshold field

strength for pearl-chain formation'wés to gradually increase
the fleld until thé phenomenon was observed. But the question
wag how graﬁual was "gradual?" As an example consider that
chain formation.would take about 1 second at the threshold
of 100 v/om. Then an increase of 10 v/om/sec would cause

the measurement to give 110 v/om, instead of the correct
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value of 100, In this case the solution is simple, requiring
only a sligntly slower rate of inereage in field strength.
But the time constent varies as the cube of theparticle size
(see eq.31a), and is very roughly 1 second for 1u diameter,

So a large particle easily can have a time constant of three
minutes., Then the rate of increase of field strengih cannot
be more than 10% of the threshold per three minutes if an in-
tolerable error is %o be avoided. Repetltive observation of
thq threshold for pearl-chalin formation under these clrcum~
stances ls virtually impossible. Should the threshold be
exceeded, about three minutes would be required for the return
to some semblance of randomness., Only estimates can be made

for the threshold in these cases,

The median particle size in the SM 70 silicone emulsidn(>

ie 2,31 (dlameter). The time constant for this particle is

in the order of several seconds, roughly, between about 2 and
10 seconds by observation. Thls time constant was found to

be near the maximum value tolerable for repetitive measurements,

d. Conductivity

The threshold fleld strength for pearl-chain formation

is a function of particle size. According to the dipole appox~

imation formula (eq. 23), the threshold varies as NEL ,

vhere "a" is the radius of the particle. But the heat devel~
oped in the suspending fluid varles as £%, Thus it can be

seen that the heat developed at the threshold fileld strength

" varies as a~2. In other words the 1iquid in & suspension of

-

.

‘.



R

=123~

small partiocles may get very hot, with violent thermal ocon-
vection currents (as in frig. 48), before the chains form.
For example, & suspension of 0,557p polystyrene spheres,
with a conductivity of about 1074 mho/om, may require more
than 600 v/em for pearl-chain formation., But with this
fleld strength, there is ohmic heating at the rate of about

9 cal/om’/sec. This emount of heating renders measurements

virtually impossible.

. The obvious solution, re@ucing the cénductivity of the
liquid suspending medium, does help somewhat.‘ But the reduc~
tion in conductivity is necessarily linked to a change in the
ionic character of the liquid, and, as a consequence, the

particles assume & new behaviour, described next.

5, False pearl chains s

In order to make a suspension or emulsion stable, a

detergent is usually employed, The function of the detergent

| is to coat each particle with molecules, one pnd of which is

attrected to the particle and the other to the suspending |
fluid, If the fluld is water, the latter end is called hydro=- -
philié and thg former hydrophobic., This coating of detergent
molecuiea on a particle or globule acts as a protective layer

by keeping other particles or globules at a distance, If

. one attempts to change the suspending medium in which such

particles have been prepared, the detergent phase may be up-

set and ihe protective coating may become lneffectlve,

Attempte to reduce the conductivity of a 0,557n poly-

styrene sphere suspension by repeated resuspension in dis-‘

=
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tilled water (10'6'mho/cm) cauged the resultant conductivity

4 mho/cm to 5 x 1076 mho/cm. But vhen

a field was applied, the pearl chains that formed did not
roaqily break up when the field was turned off. In fact the

to change from 2 x 10°

suspension then had numerous 3 and 4 particle chains with no
field applied. Reapplication of'thé field would cause théée
"linear clumps" to align with the field direction, thereby
obscuring a proper threshold measurement, (The threshold for
alignment is less than for pearl-chain formation.) Since -
O.éu particles were available in the SM-61 silicone emulsion,
further attempts to make threshold measurements on the 0,557p
polystyrene spheres were abandoned.

It 1s possible that this untoward reaction may be

turned to advantage for some purposes. For example an accel=——"
eration of clumping might be useful for removing suspended
material from & liquid, Other purposes, such &s in polymer- -
'ization processes, also may be found.
" f, Dielectric pumping ,’

A dlelectric particle in a medium of different dielec~
- tric constant will experience a force.either with or against
the‘éradient of the electric field, as described in section |
IV. 1If the fleld is homogeneous, i.e., grad E= 0, then the
force vanishes, Although this phenomenon was already dis-
cussed at some length, it has & particular reference to meas-
urements of the.threahbld for pearl-chain formation., For
' ¢hese measurements to be valid, the concentration of particias

in the observed region must be great enough to make chaln

‘-

L
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formation ppuible in a reasonadle timo. 0f course the ini-
" tial .lmple'; concentration of particles is sufficient, btut
due to inhomogeneities in the field, certain regions become
partially or completely evacuated after a short time. The
problem usually is not severe, but in certain ocases it is
surprieingly troublesome. For example, it may be seen in .
‘the studies of field confipgurations inside the cell (fig. 12)
that inhomogeneities are more severe in the. viewlng area
when the wire spacing is smali. In such & case, application
of & high fleld strength may clear out the entire vieving area,
since simple diffdsion vainly tries to restore the concentra=-
tion of particles ;n the evacuated area., The appearance
resembles a punping action, hénce the name of dielectric
punping.
‘s Concentration

It has Just been pointed out that measurements are
difficult or impossible in suspensions whose particle con-
centration ‘18 ve'ry small, In principle, peayi-oha.in formation
should be possible with any finlte cdncentra.t.ion. But the
threshold, and more significantly, the tlime necessary are _
inoreased with small concentrations, so that it is practical
only to make measurements in ihe presence of enough particles
+0 make cc;llisions common., Too great a concentration is even
worse, however, asince it is then not possible to' see properly,
.88 was mentione& in the section on design of the cell. In
practice, concentrations of about 0.1% to 1% are optimum,

Three faoctors affect the concentiratlion 1.:1~ the viewing
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area, once the cell has been completed: gravitational ;ot-
tling, dielectric pumpling, and diffusion. Settling already
has been adequately discussed, Dielectric pumping may be
helpful if the ooncentration is to0o great for good viewing.
One needs only to inorease the field until the viewing area
is partially cleared of particles, Diffusion very slowly

(hours) will restore the 1n1t1a1'un1rorm concentration.

h., Electrophoresis

Alternating elec?rophoresis is readily abparent_ror
polystyrene and silicone particles when the frequency is
below abopt(SOO cps76. Wnen the field ls applied, 1n§1v1du§1
spheres appear to be elongated by a fraction of a dlameter
to several diameters. Under these conditions, to defermine
whether one is seeing a single particle or a ohain of sevqral
particles is very dirfioult. In general, the lowest ?requency‘
&t which thréshold measurements for pearl-chain formation

could be made was between 0.1 and 1 ko,

\

76The dependence of the amplitude of alternating electirophor= -
eais(on)fiold etrength and frequency is given in section V,
eq. (11). - 3 .

k
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D, Zxperimental results .
?TEhe observagion of pearl-chain formation had to be
limited to particﬁes iarger than about 0,41 in diameter in
order not to fall below the limit of optical resolution,
The upper limit was'vaguely set’ by the prodlem of time con-
sténts, which has already been mentioned, Measurements con-
sisted of slowly raising the applied field strength until
the threshold for pearl-chain formation was reached, The
pertinent values were noted aﬁd the measurement was then re-
peated.

Measuremente of threshold were carried out on five
systems: - ' '

(1) General Electric SM~-61 silicone emulsion: silicone
glotules of fairly uniform O,6p diameter suspended 1n ~n
aqueous medium, ' ‘

(11) General Electric SM-TO silicone emulsion: sili-
cone globules of median size 2.3p (range is about 0.8n to
3.0p) suspended in an aqueous medium. .

(1141) Polystyrene spheres: 1.17u diameter in an aque-
oua.medium77; '

(iv) The bacteria E. coli: a prolate spheroid with
major and minor axes of about 1,2y and 0,6u respectively,
auspendéﬁ in water (see section VI, B Iur details).

(v) Human erythrocytes; Tp in giaméter, sugpended in

physiologlcal saline,

- TTganaly supplied by J. W, Vandernoff of the Dow Chemiocal
Co., Midland Hich. |

- e - ————— o= "
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0 t th v
The dipole spproximation theory for the threshold
shows that a frequency dependence may ocour if at least

. one of the two following conditions prevails:

(&) The values of €, €,%, and K, are frequency~inde- g
pendent; but the value of %1- sufficiently frequoncy-ddpoix-
dent so that 7 (or Eth) is subject to significant departures
from constancy (uo. eq. 26 or its graphical equivalent in fig.
U4). The resultant dependence of threshold on frequency will'
be most marked within about one decade above and below w,, E

(see £ig. 45), where
. 1 X

a = i ,
@, T, &€ ' : (32)

(b) The values of € , &,K,, and/or K, are frequency-
dependent. Each case of this type must be 1nvutigat'od sep-
arately, although a graphical analysis may still be plerromod'.

as duoribod in relation to fig. LS.
!
“ e Ein vs. £ for 1.17 polyntyrone sphores

No significant rroquoncy depondonco ocould be uotod be~-
tween 1 ko -and 100 Mo (refer to fig. 49). Each of the
points is an average of 10 to 20 measurements, except for the
point at 1 ko which is the average of five measurements. The

indicated spread represents + one standard deviation.  The

dotted 1ine at 174 v/om shows the average of all of the indi-

vidual ‘mouui'omntl, assumuing no rrequonéy dopondonco;

This appu-ont frequency=-independence of Eth may be :ln-

terpreted in terms of the involved electrical pu‘mhra. In

.

the case of the lulpqadm medium, 6 1s lmqwn to be mqg.m,. ‘
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independent for £<100 Mc. The frequency dependence of K,
depends somewhat on its value at low frequencies, &,, For £«
20 1Mo, it inoreases with frequency according to the rolstion78
Ky = Ky + 0.8 (£/£5)2 (33)

where K, X ?I.C)'h is the low frequency value of X, (in mho/om);

£, = 20 kMo is the characteristic frequency for the

dielectric dispersion of water -

" At 100 Mo, &, = 1,2 K,,e It too is therefore essentially inde- -
pendent of frequency over this range. The polystyrene sphere .
has a dielectric constant ¢ which is constant above ~10 ko
and which rises to very high valuos (~10u to ~l.05 ) at very
low rroquenciea79(<600 cps). But even if ¢ = ].03 at 1 ko,
the particle still appears to be conductive, as will now be
shown. The surface conductivity, G',
homogone.oua' conductivity K, of the poiyatmm sphere also has

and hence the equivalent

'a low-frequency dispersion, in the low kilooycle region. But

s G, changes from 12-10 to 10~2mho, the value of K, given by

K <2-L " (34)
changes over a range (410'6 %o ~10~>mho/om) small enough 8o
that-‘%is essentially constant. Furthermore, 4, >WeEby at least .
one order of magnitude. Thus, over this range of frequency,
, the particle continues to appear as a poorly conducting sphere

- in & conduoting liquid.. In conclusion, it can be seen that

‘ 78%1- formula is just the low-frequenoy. (f«t, ) upproxmuon'
to the usual dispersion relation '

(g/2)2 e
L AR E v 7 ,
vhere K= & = (6=&) 2wf, = 0.8 mho/en. o

930kwan, K.P. o6 ales Ref. oit.
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the four parameters,6,, ¢,, K, and K, may be considered to
be frequency-independent above 1 k¢ for the purpose of ocal-
culating thresholds for pearl=chain formation.

’

The somioircular‘ dependence of —:,'-. assuming frequency-
. N *
independent parameters, starts from J% (at low frequency)

and ends at -:-:-(at high frequency). :;xo values of these two
end points are —::s %%‘-“ 0.02 and -:;:-- %g—ﬁ’ 0.03. Therefore
the semicircle 1s very small and yields virtually no trequeng‘-
oy dependence of Eth' ' \
For these particles, the theoretical prediction for E,
from the dipole approximation is 200 v/om. Comparison with
the experimental value of 174 v/cm is well within the experi-
mental error, as is shown in fig. 5l.
Interpretation of the frequency-=independent expermentai

results for 1.174 polystyrene spheres in water has been ahoﬁn

to be particularly simple. The same type‘ of reasoning may

now be used for the 2.3u silicone emulsion (SM 70).

b. Etb ve, £ for SM 70 silicone emulsion

The median particle size of 2.3u is about the largest
size for which many measurements may be made, since the time

constant of these particles almost 1s too long for both rapid

' and precise measurements (see discussion on experimental

problem of "slowneas," p. 121). Nevertheless, the number

of measurements made, about 7 per plotted average .point, (rig.
50), shows a small teadency for the threshold to docruu’with.
frequency. The bars 11lustrate the total spread of data for .
each average value plotted. The points at 0.5 and 1.0 ko are |

averages of less than five measureménts and their values are.
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not well established, because of the interference of AC olec~
trophoretic behaviour. No bars are given for these polnts,

To compare theory with experiment, it must first be
pointed out that the considerations of the frequency indepen-
dence of €, and K, given in tho last discussion (for 1.17 poly-
styrene spheres) ﬁre oqually applicable here. Also the dis-
porsions of € and K, are of even less concern hore than in the
provious case: The larger size of these particlés cauvses the
dlielectric constant ¢ to be falrly constant until tho frequen=
cy i3 below 500 cps; and the larger size also suppresses the
contribution of surface conductance (see eq. 3} te values
lowor than those found negligibloe for polyatyrone, Thorefere,
the parameters €, &, %, and K, may be regarded as constants
over the frequency range of 500 cps to 100 Mec.

Ir fho date aro interprotod as two constant levels joln-
ed by a transition zone bstween 1 and 10 Me, then agreemont
with the dipole approximation theory ls particularly good.

The constant levels shown for £< 1 Mc and f »>10 Mc are tho
averages of all individual measurements 1n. these respecllve
ranges of frequoncy. The two connectlng curves aro theoretl-
cally derived from the dipole approximation, as will now be
dlascusaed.

| Application of the dipole approximation theory for this
cnse is most easily done graphically; Figure 51 repeats an
earlier plot (fig. Ll) which shows circular loel, each of
which repreconts the locus of all values of-%; fgr which Eip
is a constant. On this fumily of circles areasﬁperimposed

the two possible semicircles which (a) have the experimentally



gqep U3 3TJ 03 UOOS 248 ‘g puu «_nn:oﬁpﬁaoﬁ_oﬂpﬁmmoa ong ‘no1d sTUa wmogg  CUOTS LD

. ‘(06 HH.:

SUOOT

- — - vy . joh Ty T - ;4 -
11s 0L-HS wouJ -wrep JursuT(€C ba ut) M "SA 197 Joy worqnyos (eoruydeds IS sar.9Td

.ﬂ“




-135-

observed E.\ ~values at 'their termini and (b) have the known ‘
-:J‘-- 0.035 value at ~tho.1r high=frequency end. Each of these
somicircles, A and B, predicts a distinot E,, vs. £ bohtviour’
whioch is shown in fig. 50. Each also shows a value of —“-l-
from whioh K and hence the unknown surface conductance, G., '
may be calculated. These operations are summariszed below.

. The high~frequency end of the semicircles is fixed by
the known value of -fJ- « But the low=frequency end may appear
in either one of the two places where tho appropriate c¢ircle
of oomtant Ey), orosses the real axia. This oircle, a mmbor
of the family illustrated (fig. 51), may be found from the
experimentally=-found, low-frequency value of Eth’ 100 v/c;n. '
Evaluating eq. (24), it follows that for this case

Byp = 3377 (4n v/om)
100 = 33.7/% |
Yy = 8.8
correaporiding to this value of ¥ 1is a circle with .eonter at
(1.384, O0) and radius of 1l.142 (see top of Pe 108). . Then the
intersections of this circle with the real axis are at 2.526

and 0.,242. These intercepts are the two values of -T‘-'- which -
a

oorrespond to the low-frequency threshold field strength,

100 v/om; and for each value of -%, there is a corresponding

value of G, (refer to eq. 34)s. -
g = 2—5J = axK ..'.‘-l
s "2 r
where K, = l.ll ° 10" xho/em is calculated from the cell's

ruutan« and goomcry. Thus,

- 2.01 * 10 enho . (gives semicircle &)

L or Gy = 2400 ,.' 10~%uno ~{gives semioircle B)

L
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One hopol thnt 2 compuricon or the A and B prediotions of

(By, V8. £) with the experimental data will be suffioient

to cay that A or B is the correct ocmioirolo. These predic-

tions, shown in fig. 50, are caloulated from the construction

in f1g. 51 using the methods desoribed on pP. 106-110. It

oan be seen that the distinotion cannot be made with ceffuinty.
In sumuary, the high frequency value of Eth can be pre-

dicted by a knowlodg; of-%:; it also can be measured, as is

done in fig. 50. The two values are virtually indistinguish~

~able at 71.5 v/om. Similarly, the low-frequency value of By,

can be predicted from a knowledge of the value or-%i; but

this value is unknown. However it can be measured (again in
rig. 50). So the measured value of E, &t low frequencies -
is used to caloulate J% » and subsequently Gs" qu Fistinct

and’ very roabonableao

values of G result.
Two surprising observations may be made_hore. One 1is

that two and only two distinct values of G, come out of the

. data, and these values are fairly sensitive functions of the

thresholds found. One is naturally led to speculate on the
possible usefulness of pearl-chain formation threshold meas-
urements for a study of surface conéuctiQities. The second
1a.the very olose prediction of the high-frequeancy Eth made
by the dipole approximation formula. Figure Sl shows this
ooinoidonéo graphioally{ ' '

8035nvan, H.P., Schwars, G, Maosuk, :.. and P.uly. Het Rof,
olt,

.,
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Figure 52. Pearl chain formation in the SM 70 silicone emulsiorn
The spread of particle sizes around the mean of 2.3n can be
seen. A higher fleld strength would cause the chain to be
straighter, Notlce that small particles have not formed into
chains, since their threshold field strength has not been

reached,
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C, &;\ vs, T for Sif 61 silicone emulsion

This emulsion contains 0.6pn silicone ‘glotules which are .
difflcult to see and vhich have a pronounced Brownian activity,
They react very quickly (in time) to a sufficiently strong
eppliéd field, so that the measurements, even though sometimes '
diffioult to make, tend to have & fairly small spread. This
small spread is evident in the curve ( £ig.53 ) of By vs. T,
where each value plotted is the average of five measurements
whose total spread is indicated. Other threshold measure-
ments on this system, not plotted here, have the same general '
form but have a slightly different rate of change of E &t
low frequencies. The slight difference must be due to some
aspects of the dilution or other preparatory procedures. To
éet a curve with the maximum definition, Jjust this one run
of Eth vs. T is plotted.

The frequency-independent neture of ”‘th for 2- 1O7> >
105 cps follows fr:om previously stated reasoning: €, and K,
are i‘fequency-independent over this range of frequenéy and the

€ and K, are clearly at the high-frequency-limit values of

their a-dispersions. The ratlos -&- = .2_7%§ = 0,035 a.nd'%- &-0:2,—

3

-9 mho, so that the semi-

if G, 1s assumed to be £0.5 * 10
circular dependence of. —::'I is a minor one., If there is any

appreclable frequency-dependence from this semi-circular be-
haviour, it must be between 1l and 10 MNe¢ (see eq. 32). There
may be such & minor frequency devendence in the data but it
18 diffioult to say with certainty, In any event, the value

of G, 18 certainly less than 10™2 mho, and provebly is less
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than 0.5 ° J.O"9 mho. The dipole approximation formula pre-.
dicts & value of 508 v/cm, 11% lower than the observed "high-
frequency" average value of 574 v/om.

The.\ strong frequency dependence at low frequencies 1ls
probably related only in part to the a-dispersion for thou
small particles. It may be- seen from the dipole approximation
formula (eq. 23) that for thaese particles

| Egp = 254V (35)
vIt was shown 1n"f1§. Ly that ¢ is never less than unity and
<1

' may only approach unity for ,g‘ >>1. In this case, I{%
it Gsé 10'9mho. So it appears as if no recourse to the dipole
approximiion formula per se ocan help to rorm'.a complete under=
standing of the low thresholds found #t low frequency. ' The
mpat likely recourse is to fig. 42 which shows that, at least
in the case of perfect dielectric materials, the dipole approx=
imation is greatly in error (high) when-:-:» 1. If the same
fault exists for‘€§l§>l, then the low values of observed Eth
may be explainable. But thils idea is only lntuitive.

The low-frequency electrical properties of the undiluted

81 in an effort to ex-

- SM 61 silicone emulsion were measured
plain the threshold data. Although ¢ was shown to exhibit

a strong increase at low frequencies, it occurred below 1 kc.
The value of K, increases slowly with incre‘asing frequency over
& large range of frequency, but no clear dispersion could be
distinguished eithe;' in magnitude or center frequency. There
is therefore no completely adequate theory and no completely

acourate data on SM 61 to allow a thorough analysis of the

81Ma.ny thanks to Dr. J. Macguk who made these measurements.
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strong Eth dependence at low frequencies. Plausible mechanisus
may be hypothesized, but as yet this analysis is incomplete.

2, Ihreshold field strensmth vs, size
The dipole approximation formula (eq., 23) shows that,
other things being equal, '

vhere "a" is the radius of a spherical particle., If the dis-

v

. . ¥

cussion is restricted to high frequencles,- vhere %'—' -§-‘= 0.035,
4

at least fqr polystyrene and silicone particles, then the for-

mula may be explicitly stated s
3

By, = 88.2a° (v/on) (37)
Figure 54 shows this theoretical curve, a straight line with
slope = ~1.5, together with points representing the average of
the pooled hiéh-frequency data for each of the particles, For
example, for a giyen point, five average values (say), each
containins 10 measurements (say), are averaged together t§ give
‘the value shown. The vertical bar shows the spread of these -
five average values, '

For E., coll, the abscissa was chosen to be the long di-
mension, 1.2p. For erythrocytes, a diameter of 7un was assumed,
For the 8M 70 emulsion, & small spread in the diameter (see
fig, 52 ) is ehown to indicate that the particle'sfze is not
exactly uniform. The large spread of the twp measurments on
erythrocytes reflects the extreme difficulty‘in making these

measurements. The time constant must surely be at least one
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Figure 54 Threshold field strength vs, particle size for
pearl-chain formation. For the silicone and polystyrene,

the points showh are the "high-frequency" average'va;ueq. For -
E. coli, the point is the average value of all measurements,
For erythrocytes, the point is the average of two measurements

teken at 1 k¢ and 17 Mc‘-LineAis theoretiocal predioction,
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minute, and may be ten. The large spr&ad of the E. coll
data reflects the frequency dependence, shown in rig. 36,
which was averaged out for this plot.

The very attractive match between experiment and theory

shows that the relationship Ethf'é. mast surely be correct.

3. Time constants vs. size

' The theory for the transient behaviour of pearl-chain
formation shows that the time oonétant,T’. characterizing the

‘rate of formation or dissolution of pearl chaina (whichever is

applicable) has the following funoctional dependencesi

1’~a3 , for all E
s constant - s B Eth
~ E-Z , B Eth

No formal attempt was made to measure'the time constants
for pearl-chain formation. The time constant ranges shown in

rig. 55 for the three sphere-suspensions are/only the subjec-

" tive estimates of this experimenter. \The estimates are for

E= Eth and were made verbally before being plotted.- The
circlos indicate the geometric means between the upper and
lower estimates. For the 0.6p particles, no lower estimate
could be made (obviously), so the geometric mean was chosen
on the‘basia of:the average factor 1nVOIVed in the other two
means. A straight line of slope = +3 was then fitted (by eyo)
to the pointas. The looond (dotted) straight line (of slopc

= +3) shows the theoretical prodiotion’for the soro-riold-
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is theoretical prediction under the condition that E = O,
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strength time constants. No similar estimate is available

for T at the threshold field strength; however it should be

less than that at zero field sirength, but not less by an

order of masniiude. That 1s, the dotted line representing.
g E<Ep (not plotted) would compare less favorably with the
experimentally observed values. However, in view of the many
approximations made in the theory, it 1s likely that the theo-
retical time constant magnitudes are significantly in error
(too low). It is also likely that the prediction that T ~a’
is correct.

Objective measurements of the time constanis may bé
possible with the use of micro-cimenatography. Thls work is

currently in progress.



E, Coneclusion

Pearl-chain formation has been oxperimancally'domon-
strated in five organic and inorganic partioculate suspensions. -
Measurements of the threshold field strength have been made
_and have been compared with the theory, some of which was
derived or adapted for this purpose. The results of thoio
comparisons loid to the following conclusions: '

. (a) The dipole approximation theory generally has

proved adoquaté (+25%) to predict the frequency dependence

of the threshold field strength. The exception is for one
particular case of small particles at low frequencies; it 1;_
likely that this (relative) failure of the dipole approxihation
theory is Just a reflection of its oxpooted range of validity
(see fig. L2). . ~

(b) The threshold field strength has been shown to de-
ﬁond on the particle size according to the theoretical pre-
diction Ei,~ a ?/ . In the case of non=-spherical particles,
it seems to be the largest dimension which is of importance.

(¢) The fimo necessary for pearl chains to form has been .
shown roughly to be proportional to the cube of the size, &s
predictod. It is possible that the theory has underoatimatod

~ these times for the condition E = E; Dby at least a factor

of two.
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VIII, BIOLOGICAL IMPLICATIONS

_Four distinot mechaniocal effects of AC fields on par-
ticles dispersed in a liquid have been discussed, It 4s now
desired to translate these ronuits to the case of a biological
organism irradiated by or exposed to an AC field,

A, Incldent microwave fields

An extreme case will be chosen for this purposo-éa human
being (or large animal) exposed to an inoident microwave power
density of 100 milliwatts/om® in air., This example is used
‘because of its current interest and because the prosonily"
accepted maximum tolerance dosage for 6ont1nnous. whole~-body,

82
microwave irradiation of human beings 1s 10 nw/om® , absorbe

dose. From recent studies of the microwave absorption and

locttorins properties of human boinss&% 1t can be generalized
that about 50% of the incident power is absorbed. Therefore,
for whole body irradiation, the example chosen 1s an extreme;
but for microwave Qiathormy, vhich irradiates only small parts
or,tpe body, it 18 more of & mean. According to the stated
assumptions, there will be about 50 mﬁ/om"ot absorbed power,
P, Just inelde the top layer of skin, For vatery tissues,
such as skin and muscle, E 1s related to P through the rolaf

. o
P = ] cos (1)
vwhere -‘-L%'-OL »30 ohmaz. Then for the above data,

8250nwan, H.P. and Li, K.: Hazards dus to total body irradiss
tion by redar. Proo., I.R.E., LL, 1572, (1956). :

83anne, A., Saito, M., Salati, 0.M., and Schwan, H.P.s Penetra-

tion and thermal dissipation of microwaves in tissues. Report
no. 62-13, Dept. of Biomed, Eleotronic Eng., Univ. of Pa.

.
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E=1.2 v/em - (2)
Under pulsed conditions, assuming a 1 psec pulse every msec,
- 100
Poosk = 10° Pyye (3)}
and in muscle, . 3 e - i
gpeak =107 Egyg — (“)\
B eax = 40 v/en (5)

This figure says that the fleld strenéth inside the body will
not exceed ~40 v/om with usual pulsed aysteme,zand will have

that high value only near the surface. The implications for

pearl-chain formation (refer to fig. 54) ax'e*-i that on no ao-
count can "biological" pearl-chain rormation;appear for

particles smaller than ~33 (dlameter) without risking over-
heating of the tissues, But siich large particles have time

constants in the order of seconds, so that they would respond

only to the r.m.s. value of the field, not to the peak value,
On this basis, particles smaller than about 30p (diameter)
would not form pearl chains, But freely moveable particles
of this size are not available in the body. In conclusion,
then, 1t can be said with certalnty that pearl-chain formation
will not occur due to microwave 1rra&iation (by usual pulsed .
or CVW systems) of human beings who are even loosely observing
the thermal tolerance threshold.

It was shéwn in fig. 36 that orieniation will ocour
at about three times lower fleld stirength than will pearl-
.chain formation., Ueing the above asaumﬁtions, one can see

that the peak value of E, ~40 v/om, corresponds to the thresh- -

s o
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old for orientation of a non-spherical particle whose major
dimension is at least 2p.  But the same consideration of time
constants legds to the oconoclusion that such particles cannot
respond to the poak‘vvalue of the field. Therefore, it can be
sald that structures shorter than about 15 will not be or-
iented by pulesed or unpulsed fields vhich 40 not overheat

 the tissues., It is unlikely that any hlstological structure

exists which 1s superficial, sufficiently large, and free to
be oriented. Therefore, on the basis of the somewhat sparse
data for orientation, it can be s&id that éigniﬁcgmt blolog-
ical orientation within human beings or large animals .13 ver‘y
unlikely. '
Blologlcal implications of AC electrophoresis are par-
ticularly simple to discuss. In view of the inverse relation
between amplitude and frequency (section V, eq. 11l), it is

clear that for any reasonable value of mobility and for the

electric fields described above, the amplitude is vanlshingly

small- above audlo frequencies, As a tool for biological or
other research, it does have promise. It will receive future
consideration in this regard.

The gradient of an incident microwave fleld is largest
at the surface of the body. If a peak field of 40 v/cm i:
consideréd, and a depth of penetration of only 0.12 ou is
choeen (corresponding to 10,000 Mec), the gradient will be of
the order of oniy 40/0.12 = 300 v/em/cm, It was shown in
section IV that gradients of the order of 10° v/cm/cm were
required to provoke effects with iu particles. Therefore,
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it can again be concluded that incident microwave fields ﬂ/
~offer virtually no chance that any effect due to forces in
inhomogeneous fields will be significani. /ﬂ’
B, Ionic fields
Although the fields in this study have always been
alternating, there is no reason to exclude from present con-
siderations the very strong DC fields which exist in the
close proximity of an ion. Coﬁsider the field surrounding an

elementary charge in a physiological medium (assume € = 50)

- 1 Q
o rrste (in MES unité) (6)
Then 9 ' ,
E (in v/cm) = 222100 S n
" .

vhere r is in Angstrom units, Thus, within a distance of
at \least 50 K, the field exceeds 106 v/em. Also

|grad E| = 6100 (8)
.

so that within a distancé of at least 15 K, the gradient
exc eés 106 v/cm/cn, y

 Of aourse the extrapolation of Beorasqoplc lave o these
small dimensions 1s‘frausht.;1th error. But if one cén‘étill
’Judse the orders of magnitude, it can bé“séen~that-w1thin the
stated dlstances, peafl-chain formation and orientg}ion ére

easily conceivable for "particles" of 1 A ! Forces due to the

inhomogeneity per se are probably overpowered by electrbstatic

forces, especlally at that close range. ' .
Vhile it is not possible to say with any assurance what
will actually happen on this scale of sizes, the possibilities -
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